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MOLECULAR MODELLING 

R.A. van Santen 

Schuit Institute of Catalysis, Eindhoven University of Technology, Eindhoven, The Netherlands 

Introduction 

A review will be presented of our recent studies of the kinetics of the hydroisomerization 

reaction and the mechanism of selective toluene alkylation. 

The approach is an integrated one of theory and experiment. 

Computational 

Density Functional Theory is an excellent tool to analyse reaction intermediate structures 

as well as their energetics. Results will be presented of cluster as well as periodical structure 

calculations. 

To predict adsorption isotherms and diffusion force field based Molecular Dynamics and 

Monte Carlo approaches are used. 

Overall kinetics is simulated using kinetic Monte Carlo or conventional kinetic simulation 

approaches. 

Experimental 

Solid State C13 NMR is an excellent tool to analyse the siting of alkanes in zeolites with 

different adsorption possibilities. Al Quadrupole Coupling Constant measurements probe 

changes at the protonic sites when molecules interact. _. 

Positron Emission Profiling studies using C11 labeled alk:ane molecules enable the 

measurements of zeolite micropore filling at reaction conditions. 

Conventional catalytic measurements provide catalytic rate data as Tum Over Frequencies, 

apparent activation energies and reaction orders. 

Discussion 
' . 

An analysis of the relative importance of adsorption versus diffusion and proton activation 

is made for the alk:ane hydroisomerization reaction. 

It will be shown that differences in the adsorption isotherms are the main parameter that 

control differences in reactivity of zeolites as long as the Al/Si ratio is lower than 0.1. 

The alkylation reaction of toluene is sterically controlled. I;>ifferences in diffusivity of the 

product tum out not to be essential. The key geometric _f~~tor is the stability of the pre­

reaction intermediate that leads to the relevant transition states. 

7 



PL~2 
LOCALIZATION OF BIVALENT TRANSITION METAL IONS IN HIGH SILICA 

ZEOLITES PROBED BY LOW TEMPERATURE ADSORPTION OF MOLECULAR 

HYDROGEN 

V .B. Kazansky 

Zelinsky Institute of Organic Chemistry of Russian Academy of Sciences, Moscow, Russia 

ZSM-5 zeolites modified with bivalent cations possess unique catalytic properties. Therefore, 

the study of sitting in these materials of bivalent cations is of a definite interest. Due to the low 

concentration of the cations and the lack of their ordering in the zeolite framework this is a 

difficult problem. In the present work, which was carried out in collaboration with the group of 

Prof. R.A. van Santen at the Eindhoven Technical University we used for this purpose H2 

adsorption at 77 K as a molecular probe. The perturbation resulting from adsorption of hydrogen 

was monitored by DRIFf . . 

Our results for HZSM-5 with the very broad Si/Al ratios in the framework modified with 

several weight % of Zn +z cations indicated appearance in the zeolites with the lower Si/ Al ratios 

of several new adsorption sites, which only moderately perturb adsorbed Hz. They were ascribed 

to the exchangeable zn+2 ions, compensating two negatively charged adjacent aluminum occupied 

oxygen tetrahedra in the same five- or six- membered rings of the zeolite framework. In contrast, 

in the zeolites with the very high Si/Al ratios over 25, modification with zinc ions results in 

appearance of only one kind of adsorption sites with much stronger perturbation of adsorbed 

molecular hydrogen. These sites were ascribed to the Zn +z ions . compensating more strongly 

sep~ted from each other negatively charged aluminum occupied oxygen tetrahedra localized in 

the two adjacent rings of the zeolite framework. Adsorption of H2 by such sites at room 

temperature results in the strongest perturbation of H-H stretching vibrations and in dissociative 

adsorption. 

Comparison of molecular hydrogen perturbation by Mg+2 and by different transition metal 

cations indicated that despite almost similar dimensions and equal formal positive charges, the 

transition metal ions pertwb H-H stretching vibrations of adsorbed H2 much stronger than the Mg+2 

cations. The perturbation decreases in the following sequence: Ni+2 >Co+ 2 > Zn +z > Mn+2 > Mg+2 in 

. consistence with the similar decrease of the second ionization potentials of the corresponding 

metal atoms. This indicates that interaction of adsorbed molecular hydrogen with the transition 

metal ions involves some features of the covalent chemical bonding. 
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:ELECTRON DISTRIBUTION EFFECTS IN CATALYSIS 

D.C. Koningsberger 

Department of Inorganic Chemistry and Catalysis, Debye Institute, Utrecht University, 
P. 0. JJox 80083, 3508 TB Utrecht, The Netherlands 

In homogeneous catalysis it is well known that ligands can play an important role in detennining 

the catalytic properties of the catalytic active site. In heterogeneous catalysis catalytic active 

species like metal particles, metal-oxides and metal-sulfides are normally dispersed on high 

surface area (200 m2/g) supports. The support i~ generally believed to play no role in 

determining the catalytic properties of the supported . catalytic active species. This lecture will 

show that just like in homogeneous catalysis the support can be considered as a ligand and that the 

composition of the support can determine the catalytic properties of the supported active species. 

Catalytic studies demonstrate that the turnover frequency of small (10 to 15 A) Pt metal 

particles dispersed in zeolite Y for Neo-pentane (hydrogenolysis) and tetralin (hydrogenation) 

conversion (without and with sulfur compounds in the feed) is a strong function of the 

composition of the support (zeolite Y). The TOF increases with increasing acidity, 

polarisation power of the charge compensating cations (Na+,Ir,La3+), Si/Al ratio and the 

presence of extra-framework Al produced after steaming. In addition, the application of a new 

spectroscopic technique Atomic XAFS reveals that also the electron distribution of the 

supported Pt metal particles is influenced by the composition of the support. This suggests 

that the support-induced change in catalytic behavior is directly related to the change in 

electron distribution of the Pt metal particles. 

A new analysis method of the X-ray absorption near edge structure of carbon supported Pt 

particles in solution shows that the electron distribution of the Pt particles can also be 

influenced by the pH of the solvent. 

These results lead to a more general model in which the medium ,surrounding the catalytic 

active site influences the electron distribution and . therefore the catalytic properties of the 

active site. 
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CATALYTIC METHODS OF ENERGY PRODUCTION FROM RENEWABLE 

SOURCES AND MATERIALS 

V. N. Parmon 

Boreskov Institute of Catalysis SB RAS, Novosibirsk 630090, Russia 
E-mail: parmon@catalysis.nsk.su 

The real far future of our ·civilisation depends mostly on our ability to resolve the expected 

energy problems. In case of absence of some rigid limitations on the amount of energy at 

humankind's disposal, there will be no danger of shortage of food, artificial motor fuel and 

chemicals, etc., even for a 10 billion population on the Earth [1,2]. 

There are two evident ways to overcome future energy problems. First of all, one should 

increase the efficiency of usage of conventional energy carriers, that means simultaneously a 

necessity to diminish drastically the wastes or losses of energy. The second way is to enlarge 

utilisation of non-exhaustible sources of energy, which still do not create the basis of 

nowadays energetics. A principal role in these movements belongs to catalytic technologies. 

A traditional way of application of catalytic technologies in energetics is their use for 

improvement of incineration of conventional or available fuels in various large- or small-scale 

thennal power plants. This allows increasing the heat-producing efficiency of these plants as ,. 

welL a~ to diminish pollution of the . environment by toxic products of fuel combustion. 

However, there are also some not so evident applications of catalytic technologies, which may 
. ~- . . 

, appear to be of principal interest for the future. 

This presentation concerns modem trends in application of catalytic . technologies to: 

producing heat or high quality liquid fuels from renewable sources of carbon-containing ra~ 

materials (primarily bio-mass), utilising nuclear and non-traditional sources of energy, 

producing mechanical or electrical energy from the energy of chemical energy carriers, and 

recovering middle- or low-potential heat wastes or utilising some unexpected heat-energy 

sources (see also Refs. 2-4). The main attention in the presentation is devoted to the most 

elaborated catalytic technologies of these kind. These are ecologically pure incineration of 

·· biomass (including wet biomass and sludges too) 'in fluidised bed of catalysts, thermocatalytic 

conversion of nuclear and solar energy, and recuperation of low-potential heat or heat wastes 

using new kind of composite materials like selective water sorbents. 
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Efficient incineration of wet biomass can be achieved in fluidized bed of copper chromite or 

iron oxide based catalysts. In this case at a relatively low temperature ( 400-700°C) one can 

arrange an efficient mass exchange and interaction of the particles of solid organic substrates 

with air and the surface of the catalyst through the gas phase, while the volatilized 

intermediates are oxidized at the surface of the catalyst. The Boreskov Institute of Catalysis 

has developed and tested bench and semi-industrial pilot plants based on these principles and 

fed with highly wet sludges from the waste waters cleaning facilities as well as with wastes of 

the pulp and paper industry. 

Two non-exhaustible sources of primary energy are of the most interest for far future. These 

are nuclear energy and solar light. The direct use of both these primary energies is impossible, 

since they have to be converted into a suitable form. Catalytic processes are capable of 

converting into energy of chemical bonds any of the above mentioned kinds of energy and to 

store it in the form of chemical fuels. 

The simplest idea for conversion and storage of such energy is utilization of highly reversible 

thermocatalytic processes capable to shift their e9uilibrium at changing the temperature of the 

system like at the reaction of catalytic steam or carbon dioxide reforming of methane. In the 

nuclear fission energetics, the so-called EV A-ADAM catalytic techriology is well known for 

indirect accumulation of released nuclear energy in the form of syngas, its storing and 

transportation on large distances. Recently, a new much more efficient ICAR (Immediate 

Catalytic Accumulation of ionized Radiation energy) process was suggested for direct 

nuclear-to-chemical energy conversion. The peculiarity of ICAR technology consists of 

placing the energy-converting catalysts immediately into the active energy-releasing zone of a 

nuclear reactor or even usage of special multifunctional physico-chemical structures serving 

simultaneously as a nuclear fuel and a catalyst for the energy-storing chemical reaction ( e.g. 

porous uranium oxide impregnated with catalytically active metal Ni or Ru). ICAR process 

has exhibited a high efficiency of nuclear energy conversion combined with ability to 

maintain the useful specific power loading of the energy conversion up to io0-200 kW/dm3, 

that corresponds to flux of energy release in the modem fission nuclear power plants. 

In the last two decades serious efforts were made to develop catalytic processes for solar 

energy conversion. Advanced are developments for nonquantum thermocatalytic processes of 

conversion of concentrated solar energy. Already in 80th the prototypes of thermocatalytic 

energy converting installations of a reasonable useful power (more than 2 kW) and of a very 

high (more than 40%) efficiency of solar-to-chemical energy conversion were tested. 
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An interesting application of catalytic technologies to the thermochemical methods of nuclear 

or solar energy conversion could be "Zero Emission Turbines" (ZET) which utilize chemically 

reversible "monofuels", e.g. mixtures of H2 and CO, etc. which do not need a separation or 

additional mixing of their components during enrichment of the mixture with energy (its 

"charging") or utilization of the stored energy ("discharging" the monofuel). The main idea of 

ZET is to use hot and recyclable reaction mixture at the outlet of the energy releasing catalytic 

reactor directly as the working body of a turbine. Evidently, ZET allows combination of total 

ecological safety of the power plants with a highly efficient conversion of the energy of the 

chemical fuel into mechanical energy without intermediate heat exchangers. 

An ability to accumulate and store the low- and middle-potential heat is given by new solid 

materials with large absorption capacity. The most attractive materials are the so-called 

chemisorbents. When using very simple substrates as adsorbates (say, water, carbon dioxide, 

oxygen, etc.), the latter materials are able to accumulate up to 2000 kJ/dm3 of heat even in the 

ambient temperature interval. This provides a new powerful tool for recovery of heat wastes, 

efficient utilization of day-to-night and season temperature gradients, design of nontraditional 

freon-less air-conditioning systems, etc. Note, that in countries with the rigid continental 

climate, day-to-night and season temperature gradients seem to create a nonexpected 

renewable energy source with enormous potential. 
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SELECTIVE OXIDATION OF CARBOHYDRATES WITH FOCUS ON TEMPO 

CATALYSIS 

H. van Bekkum* and A.C. Besemer** 

*Laboratory of Applied Organic Chemistry and Catalysis, Delft University of Technology 
Julianalaan 136, 2628 BL Delft, The Netherlands 

**SCA Hygiene Products, PO Box 360, 3700 AJ Zeist, The Netherlands 

Converting carbohydrates into carboxylates or polycarboxylates is an obvious way of 

upgrading renewables. The (poly)carboxylates obtained may display.unique properties or may 

enter the competition with fossil-based materials such as poly-acrylates. 

Methods to introduce carboxylate groups include carbohydrate oxidation and 

carboxy-alkylation. Sometimes chemo- and bio-catalysis are in open competition 

(Ci-oxidation and Ci-dehydrogenation, C2-oxidation), in other oxidations (e.g. glycolic splitting) 

the choice is limited, so far. 

Progress in oxidation is still substantial. Some old methods are revisited (noble metal catalysis, 

nitrate/nitrite oxidation) and new methods come to the fore. Some excellent results have been 

obtainedl1l by applying bimetallic catalysts in carbohydrate oxidation. The focus of the lecture 

will be on the amazingly selective TEMPO-catalyzed primary alcohol oxidation of low and 

high molecular mass carbohydrate systems£2,3l. Further trends are to apply cheap TEMPO 

derivativesl4J and to develop immobilized TEMPO systemsl5-7l, and a major challenge is to 

find a salt-free methodl81• 

References: 

[ 1] M. Besson and P. Gallezot, in Fine Chemicals through Heterogeneous Catalysis, R.A. 

Sheldon and H. van Bekkum (eds.), Wiley-VCR, 2001, p. 507 
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[3] A.E.J. de Nooy, A.C. Besemer and H. van Bekkum, Carbohydr. Res. 269 (1995) 89 

[4] P.L. Bragd, A.C. Besemer and H. van Bekkum, J. Mol. Catal. A 170 (2001) 35 
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STRUCTURAL STABILITY AND CATALYTIC REACTIVITY OF ZINC ION 

SPECIES IN ZEOLITES 

G.M. Zhidomirov1, A.A. Shubin1, V.B. Kazansky2, V.N. Solkan2, R.A. van Santen3, 
3 · · 3 . 

· A.L. Yakovlev , and L.A.M.M. Barbosa 

1 Boreskov Institute of Catalysis, Siberian Branch of the Russian Academy of Sciences, 
Pr. Akad. Lavrentieva 5, Novosibirsk 630090, Russia. Phone: +7 3832 341064 

Fax: +7 3832 343056; E-mail: zhi@catalysis.nsk.su, A.A.Shubin@catalysis.nsk.su 

2 Zelinsky Institute of Organic Chemistry of Russian Academy of Sciences, Leninsky 
prospect 47, Moscow 117913, Russia. Phone: +7 095 1377400; Fax: +7 095 1355328 

E-mail: vbk@ioc.ac.ru, solkanvn@ioc.ac.ru 

3 Schuit Institute of Catalysis, Eindhoven University of Technology; P. 0. Box 513, 5600 MB, 
Eindhoven, The Netherlands. Phone: + 31 40 247 3082; F:ax: + 31 40 245 5054 

E-mail: R.A.v.Santen@tue.nl. A.L. Yakovlev@tue.nl, Luis.Barbosa@ici.com 

Ab initio cluster model calculations of comparative stabilisation energies of Zn2+ in different 

zeolite structures · have been carried out. Zinc cation localisation in cationic positions of 

faujasites and MFI zeolites, as well as formation of oxygen-bridged zinc ion pairs in MFI and 

small neutral zinc oxide clusters have been considered. Cationic positions have been modelled 

by six-, five- and four-membered zeolitic rings containing two Al atoms in their structure. 1•2 

Stabilisation energy (Es,) of Zn2+ has been evaluated as the energy of the reaction 

Zn2+ I Z + H2 ➔ 2 H+ I Z + Zn°. 

Calculations indicated that sterical restrictions associated with the size and geometrical 

peculiarities of the · zeolitic rings in real zeolite lattice are essentially important for Est• For 

example, Es, was evaluated as comparatively low for four-membered ring and a-position in 

ZSM-5 zeolite structure. It was also shown that Zn2+ in these cationic positions is mostly 

active in the heterolytic dissociation of ethane molecule 

Zn2+ / Z + C2H6 ➔ ( Znf:r + C2H5+ )/ z. 

The relative stability of small intrazeolite zinc oxide clusters was calculated through the 

reactions 

X zn2+ I z + X H20 ➔ (ZnO)x + 2 X H+ I z (x = 1, 2, 4). 

14 
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It was concluded that formation of neutral small zinc oxide clusters is strongly unfavourable 

for faujasites. There are more reasons for stabilisation of zinc oxide clusters in ZnZSM-5 

zeolites due to the lower "average" stabilisation energies of Zn2+ in the cationic positions of 

MFI zeolites in comparison with faujasites. 

The comparative stability of (ZnOHt for vanous cationic' positions of ZnZSM-5 was 

evaluated by the reaction 

Zn2+ I Z + H20 ➔ [ (ZnOHt + W ] I Z. 
. . ~ . 

In the case of reasonably high zeolite module (Si I AI ratio) the probability of localisation of two 

Al atoms in the nearest vicinity (for example, in the· same zeolite ring) is essentially decreasing, 

and the structures with more distant Al atoms arrangement should be considered. One of the 

possible variants is the localisation of Al atoms in the adjacent zeolitic rings. This model was 

analysed 3 for two neighbouring five-membered zeolitic rings . in the main channel of ZSM-5 

(Figs. 1, 2). 

0-o 0-H 

Fig.1 

Geometry of this structure is suitable for stabilisation of oxygen-bridged [Zn-O-Zn]2+ moiety 

(Fig. 1). Occlusion of extra-lattice oxygen essentially affects on the chemisorption properties 

and catalytic activity of zinc site. It was concluded that oxygen-bridged Zn2+ pair is rather 

reactive towards ethane heterolytic dissociation, and release of dihydrogen is the key step of 

ethane dehydrogenation. In principle, the discussed structure can stabilise single Zn2+ with 

significantly asymmetric position of zinc cation near one of Al atoms (Fig. 2). The Est energy 

for this cationic position is rather low and this was associated with high chemisorption and 

catalytic activity. 

15 
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0-o 0-H 

Fig. 2 

Calculations of H2 adsorption on this site (Fig. 2) have revealed a large shift of H2 stretch 

vibration (~v ~ 270 cm-1). The activation energy (Ea) of the first step of heterolytic H2 

dissociation 

Zn2+ / Z + H2 ➔ ( ZnH+ + ft ) I Z 

has been calculated, Ea= 10.5 kcal/mol. 

The adsorption and dissociation of H2 on diverse type of active sites of Zn-containing zeolites 

including cation positions, [Zn-O-Zn]2+ binuclear structures, and small oxide particles have 
4 . '· 

been carried out. Frequency shifts ~v evaluated for hydrogen molecule adsorbed on 

Zn2+/[4-ring], [Zn-O-Zn]2+, (ZnO)4 are equal to -157cm·1, -99cm·1, and -174cm·1 

correspondingly. Similar study for C~ revealed that small oxide clusters (ZnO)4 and 

especially (ZnO)z are mostly active in the perturbation of IR frequencies of adsorbed methane 

molecule. 5 
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THE POTENTIAL OF STRUCTURED REACTORS IN PROCESS 

INTENSIFICATION 

Jacob A. Mouliin*, Andrzej Stankewicz and Freek Kapteijn 

Reactor & Catalysis Engineering 

DelftChemTech, Faculty of Applied Sciences, Delft University of Technology, 

Julianalaan 136, 2628 BL, Delft, The Netherlands 

* Corresponding author j.a.moulijn@tnw.tudelft.nl (J.A. Moulijn) 

ABSTRACT 

Structured catalytic reactors have a large potential in Process Intensification. In many 

respects they outperform conventional reactors such as packed-bed and slurry reactors, both 

for gas and for gas-liquid systems. The most important structured reactors are based on 

gauzes, foams, and monoliths. In general, monoliths are the most s~tisfactory structured 

reactors. In gas-phase applications they are often preferred due to thei~ favourable properties 

with respect to selectivity, pressure drop, and robustness. Their millisecond characteristics 

have potential in syngas production and selective conversions into valuable products. In gas-liquid 

applications they exhibit high rates, high selectivity (for serial kinetics), and they operate close to 

plug-flow behaviour. They are compact reactors with excellent performance in activity and 

selectivity. They allow co- as well as counter-current operation at common industrial 

conditions and can be used in multifunctional reactors, e.g. catalytic distillation. The use of a 

structured reactor allows the decoupling of intrinsic reaction kinetics, transport phenomena, 

and hydrodynamics. In this way these processes in a catalytic reactor can be optimised 

independently, giving rise to an excellent reactor performance. Structured catalysts and 

reactors will play a major role in Process Intensification. 

1. INTRODUCTION 

Chemical reactors form the heart of a (petro-)chemicals production plant. Given the large 

variety of plants it is no surprise that many different chemical reactors are used. Catalytic 

reactors roughly can be divided in random and structured reactors. It is useful to start with a 

summary of the major basic concerns (apart from high activity, selectivity, etc.) for catalytic 

reactors: 

· 18 
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• catalyst quality on a microscopic length scale (quality, number of active sites); 

• catalyst quality on a mesoscopic length scale (diffusion length, loadin~,profiles); 

• ease of catalyst separation and handling; 

• heat supply and removal; 

• hydrodynamics (regimes, controllability, predictability); 

• transport resistance (rate and selectivity); 

• safety and environmental aspects (runaways, hazardous materials, selectivity); 

• costs. 

With regard to these aspects random and structured reactors behave quite differently. In terms 

of costs and catalyst loading randomly packed-bed reactors usually are most favourable. So, why 

would one use structured reactors? It will become clear that in many of the concerns listed 

structured reactors are to be preferred. Precision in catalytic processes is the basis for process 

improvement. It does not make sense to develop the best possible catalyst and then use it in an 

unsatisfactory reactor. Both the catalyst and the reactor should be close to perfect. Randomly 

packed beds do not fulfil this requirement. They are not homogeneous because mal-distributions 

always occur; at the reactor wall these are unavoidable, originating form the looser packing there. 

These mal-distributions lead to non-uniform flow and concentration profiles and even hot spots 

may arise [1 ]. A similar analysis holds for slurry reactors. For instance, in a mechanically 

stirred-tank reactor the mixing intensity is highly non-uniform and conditions exist where 

only a relatively small annulus around the tip of the stirrer is an effective reaction space. 

Catalytic conversion and separation are conventionally carried out in separate pieces of 

equipment. A combination of functions in single units is an elegant form of .Process 

Intensification. When one of the functions is a chemical reaction, such a unit is referred to as a 

multifunctional reactor. A good example is catalytic distillation [2]. Structured reactors will play a 

key role in the design of novel processes based on multifunctional reactors [3]. A monolith is a 

good example. 

2. STRUCTURED REACTORS 

Structured reactors and catalysts are encountered in a large varietyJ3,4]. Structured catalytic 

reactors can be divided in two categories. The first category contains a structured catalyst, 

whereas the second one contains 'normal' catalyst particles arranged in a non-random way. In the 

first category the catalyst and reactor are essential identical entities. 
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Because of their low pressure-drop, structured reactors in practice dominate the field of 

treating tail gases. Figure 1 gives an impression of the major types of reactors. The monolithic 

reactor represents the class of 'real' structured catalytic reactors, whereas the parallel-passage 

and the lateral-flow reactor are based on a structured arrangement of packings with 'normal' 

catalyst particles. 

Monoliths usually are made from ceramics, but metals are also used. Monoliths can be 

produced by extrusion of support material ( often cordierite is used, but various types of clays 

or typical catalyst carrier materials such as alumina, titania, etc. are also used), a paste 

containing catalyst particles (e.g. zeolites, V-based catalysts), or a precursor for the final 

product ( e.g. polymers for carbon monoliths). Alternatively, catalysts, supports, or their 

precursors can be coated onto a monolithic support structure ('washcoating'). Zeolites have been 

coated by growing them directly on the support during the synthesis [5]. Coating literature and 

patents is a large field and, in principle, a variety of preparation procedures are available. All 

major catalyst support materials, ceramic and polymeric, have been extruded as monolith [ 4,6]. 

Metallic support structures are used for automotive applications [7]. 

Monolith reactor 

. ; . -; ... 
. .. ,, 

Gas I Substrate 

Washcoat with active 
catalyst 

Feed 

Reactor 
Configuration 

Monolith 
block 

Module 

Product 

Parallel-passage reactor 

Gas /.Gau,e 
Catalyst 

\ [ Lateral-flow reactor ] .Gau,e 
Catalyst 

Figure 1. Low pressure-drop reactors used for tail gas treating 

Monoliths are the dominant catalyst structures for three-way catalysts in cars [8-11], 

selective catalytic reduction catalysts in power stations [12-15], and for ozone destruction in 

aeroplanes. What causes this popularity? The catalyst consists of one piece, so no attrition due 

to moving particles in a vibrating case occurs. The large open frontal area and straight 

channels result in an extremely low pressure-drop essential for end-of-pipe solutions like 

exhaust pipes and stack gases. The straight channels prevent the accumulation of dust. 
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Of course, monolithic catalysts have disadvantages. They share with packed-bed catalysts 

.the requirement of a sufficient stability or in any cas~ a good regenerability. With respect to 

mass- and heat-transfer characteristics, the major limitations are the laminar flow through the 

channels, no interconnectivity between the channels, and a poor radial heat conductivity. The 

latter two properties are much better for the foam-type monoliths, but with a trade-off in a 

higher pressure-drop and/or lower catalyst loading (sites/m3). In principle, a laminar flow 

velocity profile is associated with low mass-transfer rates and a large residence time 

distribution. Fortunately, due to the small channel size and high diffusivity (D), for gases this 

radial transport in the channels is sufficiently fast. Typical time scales for diffusion (10 2/2D) 

are given in Table 1. In liquid phases the diffusivity is three orders of magnitude smaller and 
. ,; 

this is one of the reasons that monoliths do not enjoy a high popularity in liquid-phase 

operations. It will be shown that this is based on a misconception. 

Table 1. Diffusion time scales in catalytic reactors (=/0 2/2D) for three diffusion lengths (/0 ) 

Gas 

Liquid 

liquid in cat pore 

liquid in zeolite pore 

D(m Is) lo= 1mm /o=O.l mm /0 = 1 µm 

10- 50 ms 0.5 ms 50 ns 

10-9 500 s 5 s 500 ns 

10-10 5000 s 50 s 5 ms 

10· 11 50.000 s 500 s 50 ms 

Figure 2. Square-channel cordierite monoliths with cell densities of 200, 400, and 600 cells per square inch (cpsi). 

The honeycomb type monoliths are characterised by a very high geometric surface area. 

Dependent on the cell density this can exceed 3000 m2!m\eactor! 'Figure 2 shows square: . 

channel cordierite monoliths with cell densities of 200, 400, and 600 cpsi . (cells per square 

inch). These examples are quite realistic. At present the monolith commonly used for cars is a 

400 cpsi monolith. The value for the geometrical surface amounts to 3440 m2 /m3 reactor• In 

packed beds this value is much lower in order to avoid unrealistic pressure-drops. It is to be 
. ~ . . . 
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expected that future monoliths will exhibit even larger geometric surface areas. That alone 

makes them highly useful for Process Intensification programs. 

3. GAS-PHASE REACTIONS 

It is fair to state that the most important application of structured reactors by large is · in 

environmental catalysis. The major applications are in automotive emission reduction. For 

diesel exhaust gases a complication is that it is overall oxidising and it contains soot. New 
,; 

ideas have emerged, all of them involving structured reactors. The truck market is dominated 

by diesel engines. In that application space requirement is a major issue and Process 

Intensification is badly needed. Space velocities exceeding 100.000 h-1 are demanded. Other 

important areas are reduction ofNOx from power plants and the oxidation of Volatile Organic 

Compounds (VOCs). In synthesis gas production also structured reactors suggest themselves, 

for instance in catalytic partial oxidation (CPO) of methane. 

4. MULTIPHASE REACTION SYSTEMS 

Various types of reactors are being used commercially for multiphase applications, the major 

ones being the sluny reactor, bubble-column reactor, and the trickle-bed reactor [16]. Each re~ctor 

has its own advantages and disadvantages. Sluny catalysts are small (typically 50 µm), while 

trickle-bed particles are larger (millimetre scale) in view of the allowable pressure-drop over the 

bed. The particle size is a crucial parameter. In general it can be st;;rt~dJ4atlarger particles are 
- -·,: . . ' . . . . \".' ~>-.'"_ ··t,.-. :"<-'~:·-:;}' . •' . . 

less efficient and, even more important, are less selective in 'those 'ieactions where the desired 
. . . . .. - . 

l .. . . . , .·· . • -· .. 

product is subject to an undesired following reaction (A ➔ B ➔ C with B the desired product). 

-In that often-encountered case the slurry reactor is more sele~tive than the trickle-bed reactor. 

In terms of ~rocess Intensification a mechanically stirred-ta:ajc reactor often is not a good 

choice. In practice it is no exception that gas-liquid mass transfer is rate determining. That 

implies that only the part of the space close to the tip of the stirrer(s) is well used. A large part 

of the reactor does not contribute much to the productivity and dependent on the kinetics ~ill 

lead to low selectivity. Moreover, major disadv~tages of the slurry reactor are the often 

difficult separation of product and catalyst and catalyst attrition. The trickle-bed reactor is 

much more convenient but large particle sizes are unavoidable. An • important limitation of 

trickle-bed reactors is that in practice they are nearly always operated co-currently to avoid 

liquid entrainment by the gas ('flooding'). Some important commercial applications, 

however, would benefit from counter-current operation, especially equilibrium-limited 

reactions and reactions with strong product inhibition [17]. · 
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4.1. Hydrodynamics and Mass Transfer in Monoliths 

4.1.1. Hydrodynamics for co-current operation 

For co-current gas-liquid flow, several flow regimes can occur. The preferred one usually 

is the so-called Taylor or slug flow [18,19] . This type consists of gas bubbles and liquid slugs 

flowing consecutively through the small monolith channels. The gas bubble fills up the whole 

space of the channel and only a thin liquid film separates the gas from the catalyst. The rate of 

mass transfer is large as a result of two effects. Firstly, the liquid layer between bubble and 

catalyst coating is thin, increasing mass transfer. Secondly, the liquid slugs show an internal 

recirculation during their travel through a channel. Because of this, radial mass transfer is 

increased. Moreover, the gas bubbles push the liquid slugs forward as a piston and a type of 

plug flow is created. Compare this with single-phase liquid flow through the channels. 

Because of the low channel diameter the flow will be laminar and, as a consequence, the 

radial transport will be extremely slow, leading to a very poor reactor performance: rates are 

slow and the reactor exhibits strong non-plug-flow behaviour. For multiphase operation at 

slug flow conditions the increase in the mass-transfer rate is an order of magnitude larger than 

for single-phase liquid flow, whereas the increase in friction, that is pressure-drop, is much 

less. A fortunate finding is that Taylor flow conditions are easily realised under practical 

conditions. 

Ideally, in contrast to packed beds, scale-up of monolithic reactors is very simple. When 

we know the behaviour of one channel, we should be able to predict the whole reactor. Is this 

really true? Compared to a packed bed, a monolithic reactor differs in radial transport. When 

the initial distribution of liquid in the radial direction is non-ideal, going down through the 

reactor, this unfavourable distribution does not change. In contrast, in a packed-bed reactor 

some redistribution occurs. Therefore, in scale-up the reactor inlet system has to be designed . 

well so that the distribution of the liquid in the top of the reactor is ideal. We found that if a 

bubble emulsion on top of the monolith is present a satisfactory distribution seems to be 

guaranteed, similar as found for trickle-bed reactor operation. It appeared tp.at the flow rate 

has to be above a specified minimum value (linear velocities> 0.1 mis) in order to guarantee 

a good distribution of liquid over the cross-section of the reactor .. It might be worthwhile to 

investigate whether systems can be developed or conditions established that allow low flow 

rates. Combinations of monolithic-catalyst packages with Sulzer-type contactors are being 

conceptually investigated in our group. They might • increase the window of · operability 

towards lower flow rates. Moreover, they might lead to ;-flexibility allowing more compact • 

reactor systems. The first results are promising. 
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4.1.2. Mass transfer for co-current operation 

Mass transfer was studied experimentally in various ways. As an example of the performance, 

a monolith was compared with a trickle-bed reactor under identical reaction conditions in 

co-current mode for the hydrogenation of a-methylstyrene. The washcoated 400 cpsi monolith 

yielded a ten times higher hydrogenation rate per unit volume of reactor. This stresses the high 

mass-transfer rate in the monolith [16,20]. Mass transfer is usually expressed as the factor k1a, the 

mass-transfer coefficient times the exposed surface area per unit volume. In Table 2 the three 

common reactor types are compared. Obviously, operation of the monolithic reactor in the 

Taylor flow regime leads to a high degree of Process Intensification [1]. 

Table i. Comparison of mass-transfer rates for three common reactor types · 

Reactor Type k1a (s-1) 

T*~e;ped. ,: , . 0.05 - 0.2 

Slurry 0.1 - 0.3 

Monolith > 1 

The corresponding production rate in the monolith at 3 73 K and a hydrogen pressure of 10 bar amounted to .. 

40 mol/ (m3.eactorS). 

4.1.3. Counter-current operation 

Under practical conditions counter-current operation in a packed-bed reactor is not feasible 

because flooding occurs [21,22]. The reason is that in the small interstitial space extended 

momentum transfer takes place between the liquid flowing down and the gas flowing up. At 

velocities used in industry this would imply that the particle size has to be increased by an 

order of magnitude. This leads to unacceptable internal-diffusion limitations. Clearly, 

momentum transfer has to be decreased while maintaining high rates. This can be done by 

structuring the catalyst or by clever arrangement of the catalyst particles in the reactor. From 

an extensive study, it appeared that also in structured reactors, counter-current operation is 

possible at ·ind~strially relevant conditions. The breakthrough was the design of optimal 

monolithic structures and dedicated inlet and outlet systems. See [23] for details. 

4.2. Potential of Monolith Reaciors 

The catalyst to be used in a reactor operation can be coated as a thin layer on the channel 

walls~ and, hence, the reactor can be described as · a 'frozen slurry reactor'. The diffusion 

length is small and well controllable. The high cell density of the monoliths creates a high 

geometric surface area. Using a packed bed, unrea1istically small particles would be needed to 

achieve this. Catalyst separation and handling are as convenient as in a common packed bed. 
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· Monolith reactors are intrinsically safe. The monolith channels have no radial 

communication in terms of mass transport and the development of runaway by.local hot spots 

in a trickle bed reactor cannot occur. Moreover, when the feed of liquid or gas is stopped, the 

channels are quickly emptied. 

From the above, it should be evident that monolithic reactors (and other structured reactors) in 

many respects are superior to conventional reactors. Indeed, for several reactions, monolithic 

catalysts have been reported, although only at the bench or pilot scale except for one case. The 

interesting points are to demonstrate that the 'theoretically' outlined advantages are indeed 

present. They in fact boil down to larger reactor productivity, better selectivity control, and higher 

efficiency compared to conventional reactors. The first also implies better catalyst utilisation. 

Obvious is the fact that the catalyst is fixed in a reactor and pressure-drops are low. 

The hydrogenation step in the anthraquinone process of AKZO-Nobel is an industrial 

realisation of a monolithic reactor and includes a lot of pioneering work by the· Anderson 

group [24-28]. More examples of the use of monoliths can be found in [27,29]. 

In our own· group in co-operation with a chemical company, we have studied the selective 

hydrogenation of pyrolysis gasoline. This study [30] demonstrated the plug-flow behaviour 

needed for such a selective conversion and the efficient use of the active phase, which was at least 

a factor three to four better than in trickle-bed operation. The hydrogenation of a-methylstyrene 

mentioned above, is an even more appealing example of better active'"phase utilisation and 

confirms the good mass-transfer properties. 

The co-current monolith reactor, with its plug-flow characteristics, can in principle be used 

in downflow, upflow and horizontal-flow mode, provided a good gas-liquid distribution is 

secured [31 ]. The latter mode · might solve a major · problem in practical applications of 

monoliths: because for hydrodynamic reasons high flow rates are needed, the reactor length 

tends to be very large. Research with respect to this type of reactor is iri progress. An · 

important outcome of the research might be that coupling of monolithic elements, mixing 

units . and heat exchangers leads to flexible cascade-reactor systems enabling multistep . 

synthesis in one pass. 

The best-studied mode is co-current downflow. A monolith reactor operating in this mode 

is an alternative to the bubble-column reactor often used in biotechnological · applications. 

Since bubble-column reactors have a large height anci large gas flow rates are required,! the 

energy input to introduce and compress the gas for injection at the bottom is relatively high. 

In the down-flow monolith reactor, this gas injection is automatically achieved. The co­

current reactor type can easily be used as a stirred reactor type by a large recirculation flow 
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witholtt extremely large energy input due to the low pressure-drop. An external heat 

'' ;L 

exchanger can be scaled independently of the reactor to deliver the required heat duty [1,16]. 
' . 

Of, course, monoliths have disadvantages. Currently, they are more expensive than particle 

catalysts. In fixed-bed operation, they will have to exhibit a sufficiently long lifetime. In 

quickly (irreversibly) deactivating reactions, they cannot be used. It is of extreme importance 

that the inlet distribution should be secured. In co-current flow, both gas and liquid have to be 

contacted evenly with the catalyst at the monolith walls. 

In the evaluation of the properties of catalytic reactors there are three important aspects 

that strongly determine the overall performance: the amount of catalyst and intrinsic kinetics, 

the transport phenomena (diffusion in and outside the catalyst), and the hydrodynamics in the 

. reactor. In classical reactors these are strongly interrelated and cannot be defined and 

designed independently. As an example, for fast reactions small catalyst particles are desired 

from the point of view of catalyst effectiveness, but a packed bed with small particles will 

result in an unacceptable pressure drop. Therefore, an optimum has to be sought for the 

particle size. The elegance of structured reactors is that these three aspects can be designed 

and optimised fairly independently, resulting in an optimised reactor performance. 

In slow reactions the intrinsic reaction kinetics control the process, so the catalyst 

inventory should be as high as possible. Increasing the wall thickness of a monolith can have 

the desired effect. In fast reactions mass transfer or intraparticle diffusion becomes 

controlling. Thinner catalyst coatings, Taylor flow, etc. can be applied to optimise these 

requirements. If mass transfer is controlling the productivity is proportional to the geometric 

surface area of the monolithic structure. Increasing the cell densities is recommended, of 

com:se not to the point where unacceptable pressure-drops arise. 

5. CONCLUSIONS 

Monolithic and other structured catalysts exhibit favourable properties with respect to 

practical convenience, high rates, high selectivity, and low energy consumption. From an 

engineering point of view, also the easy scale-up and the potential of high safety are 

appealing. Monoliths are not limited to single-phase processes but they are also well placed 

for multiphase processing. 

Monoliths exhibit a large flexibility in operation. They are suited well for optimal semi-batch, 

batch, continuous, and transient processing. Catalytic conversion can be combined with in.:.situ 

separation, catalytic reactions can be combined, heat integration is possible, and all lead to 

Process Intensification. Monoliths allow the efficient use of sman"c~talyst particles, e.g. 
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zeolites, and have a substantial flexibility with respect to catalyst inventory in a reactor. 

Multifunctional reactor operations like reactive stripping or distillation. are challenging 

applications that are not too far away. 

The essence of the use of a structured reactor is that it allows the decoupling of intrinsic . . . . 

reaction kinetics, transport phenomena, and hydrodynamics. In this way these phenomena, 

which control the overall behaviour of a catalytic reactor, can be optimised independently, 

giving rise to an excellent reactor performance. 
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The overview of main results of three joint Dutch-Russian projects supported by NWO will 

be presented in this paper: 

1. Development of catalytic heat exchangers for high efficiency combustion application 

2. Development of novel effective catalytic systems for selective reduction of NOx by 

hydrocarbons 

3. New ways into catalytic production of fuels out ofrenewable resources. 

Many of industrial processes, such as methane steam reforming or methane pyrolysis 

are endothermic and consequently consume heat. The promising way to solve problems of 

heat consumption efficiency and NOx abatement is use of the catalytic heat exchangers (HEX) 

[1,2]. The HEX reactor comprises a combustion catalytic layer supported on metallic carrier 

on one side of the reactor wall providing good heat transfer for the endothermic reaction 

proceeding on the other side of the wall. Catalysts supported on metal foam materials are 

most suitable for this purpose as they combine high combustion output, heat transfer 

characteristics and optimum geometric structure of the support [3]. The primary objective was 

the development of a catalytic HEX tubular reactor for the combination of the methane 

catalytic combustion and methane reforming processes. 

Metal foam HEX reactors have been manufactured by placing the thermally stable 

high-permeable Ni-Cr (20% Cr) or SiC foam on the external surface and Ni metal foam on the 

internal surfaces of a stainless steel metal tube (additional information in PP 24). 

Different combustion catalysts (LaCoO3, Pt, Pd, LaMnA111O19) on the external metal 

foam of the tube were deposited by means of impregnation or suspension technique. Metal foams 

were preliminary coated by dense alumina layer using plasma spraying technique to increase the 

adhesion of the catalytic layer on the metal surface. The prospects of plasma spraying technique 

for the synthesis of supported catalysts will be presented in the PaJ!er "Some applications of 

plasma spraying technique for the preparation of supported catalysts" (PP-24). 

Ni-containing reforming catalysts were deposited on the internal Ni foam of the tube 

by impregnation technique. The washcoating layers with different composition (CeO2, 

Alz O3-MgO, A}zO3-MgO-CeO2,1 AlzO3-MgO-La2O3 and industrial ste~ reforming _~atalyst 

GIAP-18, 12%Ni/a.-AlzO3) were placed on metal foams by the use of suspension technique. 

29 



.. PL-8 
t'. The special series of the Ni-containing catalysts were synthesized also on spherical alumina 

modified by Mg, Ce, La for m~thane reforming activity test in a regular batch reactor. 

Comparative analysis of the initial activity in methane oxidation reaction of metal 

foamed combustion catalysts calcin~d at 1000°C and having different type of active 

component allowed to find the best compositions for methane combustion at high 

temperatures: Pd/Ce02-y-AJiO3 > LaMnAl11O19'La-AJiO3 ~ Pd-LaCo03 > LaCoOy!.,a-y,..AlzO3. 

Thermal stability of these catalysts was studied and the first two catalysts were recommended 

.to be used in catalytic HEX for high temperature methane combustion. 

It was shown that Ni-containing catalysts supported on metal foams prepared by the use of 

cerium oxide washcoat showed the superior activity in methane steam reforming compared with 

the commercial catalyst GIAP-18. Certain mixed oxide supports (MgO-La2O3-AlzO3) were 

found to be promising materials for synthesis of Ni catalysts for dry methane reforming due to 

their high stability to coke formation. 

Different types of catalytic HEX reactors were tested in methane combustion reaction 

combined with methane steam reforming or m~thane dry reforming. When methane was used 

for combustion, its conversion during operation . of the HEX reactor with perovskite or Pt 

active component used as combustion catalyst was close to 100%. The temperature profile ,, . 

along the external combustion foam catalyst of the HEX reactor was not uniform with a 

maximum of 1000-1050°C on the side of the combustion catalyst. Methane in steam 

reforming conversion in these experiments was equal to 50%. Addition of a certain amount of 

hydrogen to the combustion feed leads to positive effect on the steam reforming catalyst 
· . . 

performance. The temperature profile in the combustion catalyst becomes more uniform in 

the range of 850-900°C. Methane conversion in the reforming section increases to 64% due to 

better uniformity of the temperature profile in the reforming catalyst as well [4]. 

It was found that methane conversion in dry reforming process (CO2) can achieve 

value from 71 to 82% depending on th~ volume space velocity of reaction mixture in catalytic 

HEX reactor with LaMnAl11O19'La-AlzO3 catalyst used for methane combustion and 

reforming catalyst of Ni/CeO2-MgO-AlzO3 composition. 

The second project is devoted to: 

The development of an ion exchange technique for the preparation of stable 

Cu-substituted zeolites (Ce or/and TiO2 modified) to be washcoated onto monolithic 

honeycomb supports; 

Catalytic activity tests in the selective catalytic reduction of NO by C3H8 to N2; 

Activity tests of copper-substituted zeolite catalysts in the presence of water and sulfur 

~otnpounds [5-7]. 

30 



PL-8 
Two zeolites of H-ZSM-5 type with different zeolite module: Si/Al=73 and Si/Al=34 

have been used as the starting materials. 

A powder of zeolite (particle size = 30 µm) was introduced into the suspension of sol­

aluminum hydroxide with a pseudoboehmite structure, which serves as a binder for washcoating 

to the monolithic honeycomb supports made on the base of silica-alumina ceramics. 

Bulk catalysts of following composition: 1-4%CuZSM-5; 1-4%Cu[80%ZSM-5+20% 

y-A}zO3]; l-4%Cu[80%ZSM-5+10%TiO2+l0%y-A}zO3]; 1-4%Ce{l-4%Cu[80%ZSM-

5+20%y-A}zO3]}, and supported catalysts having the same composition of washcoating layer 

have been prepared. The activity tests in NO reduction with C3H8 were conducted in a flow 

reactor in the temperature range of 200-600°C, GHSV = 42 000 h-1• 

On the bulk catalysts the NO conversion achieves 96% at 400°C, and on supported 

monolithic catalysts 70% at 500°C. 

Aging of these catalysts during 12 and 18 months leads to deactivation. Our study of 

FrIR spectra of adsorbed CO demonstrated that in aged catalyst the amount of Cu1+ 

(2157 cm-1) decreases, new clusters Cu1+-O-Cu2+ (2149 cm-1) appeared and the amount of 

Cu1+ in CuO clusters (2137 cm-1) increases. 

Special experiments on the catalyst poisoning are performed introducing of H2S 

- 300 ppm or/and of H2O - 6 vol.% into the reaction mixture. 

At 400°C the NO conversion over monolithic samples decreases from 60% to 35%, 

and at 500°C from 70% to 60%, but in both cases regeneration at 500°C leads to recovery of 

initial activity. 

The third project consists of a combination of several subprojects and in this paper we will 

report results on biomass gasification, production of hydrogen and catalytic filamentous carbon 

(CFC) and storage of hydrogen in CFC [8-10]. Some results are presented in (PP 10, PP 26). 

The series of alloy catalysts Ni-Cu-A}zO3, Ni-Co-AhO3, Ni-Fe-AhO3 have been 

designed and tested in the process of decomposition of methane at 550-675°C. 

The samples of catalysts were investigated by TEM, XRD methods. 

In one series of Ni-Cu catalysts the Cu concentration was varied: 8, 15, 25, 35, and 

45 wt.%. The XRD data show that the catalysts are of the Ni-Cu alloy.type in all cases. As the 

Cu:Ni ratio increases, the lattice parameter also increases, which results in formation of two 

phases of nickel-copper alloys [1]. In contrast to the Ni-AhO3 sys_tem [2], the spine! phase 

was not observed in the diffraction pattern of Ni-Cu catalysts. The presence of the copper 

phase was identified for the sample with a high Cu content. 

Methane decomposition with the aim of high output of CFC formation was carried out 

in the reactor with a fluidized bed of a catalyst. Reaction was carried out in the conditions of 

stationary concentration of methane and temperature. 
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Ni-A}z03 catalysts were stable in reaction of methane decomposition at the 

temperatures < 575°C, carbon capacity was about lOOg/gcat• Fiber CFCNi had turbostratic 

structure with coaxially arranged graphite planes as cones at that graphite layers were packed 

· at an angle of 45° to the filament axis. The BET surface area is equal to 100 m2/g. 

Cu adding to Ni-A}z03 was defined to increase the thermal stability and carbon 

capacity of the catalyst. Furthermore, it varied microstructure of carbon fiber so that graphite 

like layers in filament was oriented perpendicularly to their axis CFCNi-Cu• 

,We investigated also the influence of Co and Fe addition on the properties of the 

Ni-Al20 3 catalyst and on the properties of formed CFC. 

The adsorption of hydrogen and methane on CFC's was measured in the statical 

volumetric high pressure setup. · 

The highest value of hydrogen adsorption 20.0 mg/g is obtained for the catalyst 

70wt%Ni+30wt%Cu. 
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This research project is motivated by: 

a) The search for improved automotive catalysts and alternative fuels in connection with 

more stringent legislation concerning automotive exhaust gas catalysis. 

b) The search for catalysts selective in CO oxidation in the presence of hydrogen. These 

catalysts are required for the generation of electric energy by using PEFC fuel cells. 

In this context the following reactions have been studied. 

1) The oxidation of a number of selected hydrocarbons including propene and methane. 

2) The oxidation of hydrogen at low temperatures. 

3) The oxidation of CO at low temperatures. 

4) The selective oxidation of CO by 0 2 in the presence of hydrogen. 

The catalysts used in our studies include gold on y-Ah03 and several Au-MOx on y-Ah03 

catalysts with MOx being a metal oxide. The effect of the gold particle size and the effect of 

the presence ofMOx on the activity and the selectivity will be discussed. It will be shown that, 

both the presence of very small gold particles and the presence of MOx are of great 

importance to obtain a high activity. 

Large synergistic effects were found for all the reactions, i.e. the activity of the 

multicomponent Au-MOx on y-Ah03 catalysts exhibit a superior behavior compared to 

the Au/y-Ah03 and MOxly-Ah03 catalysts. 

Results concerning the performance of a number of gold based catalysts in the selective 

oxidation of CO in the presence of hydrogen will be shown. The effect of the gold particle 

size and the effect of the presence of MOx will be discussed. The behaviour of gold based 

catalysts in the relevant reactions will be compared with those of other noble metal catalysts, 

including Pt, Pd, Rh and Ru-MOx on Ah03. 

On the basis of our results we propose a formulation for a novel catalyst for the selective 

oxidation of CO. In addition, a mechanism is proposed for the relevant processes. 
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THE CHARACTERIZATION OF FeZSM-5 BY 57Fe MOSSBAUER SPECTROSCOPY 
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: E-mail: A.R. Overweg@iri.tudelft.nl 

2 Section Biocatalysis and Organic Chemistry, Department of Biotechnology, Delft 
University of Technology 

FeZSM-5 zeolites have attained considerable interest for applications in catalysis. 

Although these types of materials already exist for over two decades it is only since the last 

five years or so that they are being regarded as promi~ing datalysts for reactions. such as the 

catalytic decomposition of nitrous oxide, the de-NOx HC-SCR and benzene to phenol 

oxidation. 

One of the key issues related to these FeZSM-5 zeolites is the identification and chemical 

behavior of the iron centers. Although the precise nature of these iron centers is not yet known 

it is widely thought that these centers play an important role in the catalysis. Panov [1] 

suggests that the active site, at least for the benzene to phenol oxidation, is a binuclear iron 

species, which is immobilized in the pores of the ZSM-5 zeolite. As such, it would resemble 

the iron oxidant in the enzyme methane monooxygenase, which is capable of transferring an 

oxygen atom from the enzymatic di-iron center to an activated C-H bond. 

It is widely known that the catalytic performance of FeZSM-5 zeolites strongly depends on the 

preparation method chosen, as well as subsequent pretreatment steps. A highly promising route has 

been developed by Panov and coworkers [ 1]. Their method was based on the isomoiphous 

substitution of iron by a hydrothermal method, followed by a high-temperature vacuum treatment. 

Following this pioneering work an FeZSM-5 material was developed in our laboratories, which 

showed high activities in both benzene to phenol oxidation [2], as well as nitrous oxide 

decomposition [3]. 

We have studied this FeZSM-5 catalyst by 57Fe Mossbauer spectroscopy. 57Fe Mossbauer 

spectroscopy is an excellent tool for studying the nature of the iron centers of these catalysts, 

not only in the as-prepared state but also under in-situ conditions. By doing so, several iron 

species could be discriminated. In addition, the redox behavior of these iron species has been 

studied by exposure of the catalyst to different treatments, such as heat treatments and 

exposure to different gases, e.g. hydrogen, nitrous oxide and nitrogen. The outcome of these 

investigations will be presented in this contribution. 

[1] Dubkov, K.A., Sobolev, V.I., Talsi, E.P., Rodkin, M.A., Watkin, N.H., Stheinman, 

. A.A. and Panov, G.I., J. Mol. Catal. A: Chemical 123 (1997) 155 and references cited therein. 

[2] Ribera, A., Arends, I.W.C.E., de Vries, S., Perez-Ramirez, J. and Sheldon, R.A., J. 

Catal. 195 (2000) 287. 

[3] Perez-Ramirez, J., Kapteijn, F., Mui, G. and Moulijn, J.A., Chem. Comm. (2001) 693. 
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Summary 

The semi-empirical Method of Interacting Bonds was used in the present work to clarify 

the mechanism of the title process. Various single crystal planes of Pt, Rh, Ir, Fe, and Re were 

examined with respect to the stability of the adsorbed NHn species (n = 0; I; 2; 3); to the 

reactivity of NHn (n = 0; I; 2) species towards adsorbed hydrogen atoms; and to the 

possibility of proceeding the combination reactions between two NH or two NH2 particles 

resulting in the formation of gaseous H2 and N2 molecules. All the surfaces studied were 

found to form readily stable NH species. The principal difference between Pt, Rh, Ir single 

crystal planes, on which the reaction exhibits rate oscillations, and Fe, Re surfaces, which do 

not show an oscillatory behavior, is that the combination reaction can easily proceed in the 

former case, but this reaction is not allowed on the latter surfaces. This result is consistent 

with an earlier suggested mechanism· for the oscillatory behaviour that attributes the surface 

wave propagation to the intermediate formation of NH species. 

Re and Fe surfaces form stable NH2 species, whereas the noble metal surfaces can form 

weakly stable NH2 particles only at the very edge of their thermodynamic existence region. 

The combination reaction between two NH2 species is prohibited in all cases. 

1. Introduction 

The nature and properties of surface intermediates formed in the course of adsorption and 

sequential reactions in the adsorbed layer are obviously important for understanding the 

detailed mechanism of heterogeneous catalytic reactions. In the case of the NO reduction 

reactions, they are also of practical interest since, in particular, platinum and rhodium are 

currently used in catalytic ammonia oxidation, and as active component of the automotive 

three-way catalyst (1,2]. Recent experimental ·studies report ori the formation and properties 
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of various NHn,ads species (where n = 0; 1; 2; 3) on platinum single crystal surfaces [3-6]. It 

was found that the intermediate NHads species are formed when a NOads layer is exposed to 

0.15L (Langmuir) of hydrogen at room temperature. Upon further hydrogen exposure ofup to 

4 L, all nitrogen containing species are removed from the -surface. On the other hand, an 

excess of initially adsorbed hydrogen results in formation of stable NH2,ads species, which 

occurs in the course of the NOgas+Hads reaction on the Pt(l00)-(lxl) surface at 300 K [6]. It 

was established that stable NHads and NH2,ads species are intermediates in ammonia oxidation 

on the Pt(l 11) surface [3]. These species were also identified on a Pt(l 11) single crystal plane 

after electron bombardment of molecularly adsorbed ammonia at 100 K [ 4]. It was reported 

that NH2,ads were the dominant species below room temperature. An increase in temperature 

resulted in NH2,ads dissociation and NHaas became the main surface species in the temperature 

range 300-400 K. 

There is also a lot of reliable experimental data, which evidently demonstrate the 

formation of stable NHaas and NH2,aas species on various single crystal surfaces of Rh [7], 

Ir [8,9], Fe [10-12], and Re [13]. 

Several noble metal surfaces are known to reveal a nonlinear kinetic behavior in the reaction of 

NO+H2. _More specifically, such a behavior was reported for a number of platinum, rhodium, and 

iridium single crystal surfaces as well as for monocrystalline tips [14-17]. Processes such as 

surface explosions, surface wave propagation, and oscillations in reaction rate display these 

nonlinear phenomena. The proposed mechanisms usually involve a reversible surface 

reconstruction or an autocatalytic increase in formation of vacancies in the course of reaction. 

Besides that, the reversible formation of intermediate NHn species can also make an important 

contribution to oscillation phenomena [15,18,19]. 

In our previous papers we reported on the properties of NHn,ads species formed on various 

single crystal surfaces of Rh and Pt studied by the Method of Interacting Bonds (MIB) 

[18,19]. It was found that stable NHJ,ads species are not formed, and formation of NHaas is 

more favorable in comparison with that of NH2,aas, thus being in line with the known 

experimental data [15,20]. 

In the present work we report on a similar comparative MIB_ study of_ Pt(l00)-(lxl), 

Rh(l 11), Rh(lO0), Ir(ll0)-(lxl), Ir(110)-(lx2), FCC Fe(ll 1), and Re(000l) single crystal 

planes in order to find out the regularity · in properties of various NHn species. Iron and 

Rhenium do not reveal non-linear behavior in the NO+H2 reaction, but they are known to 
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'fonn various NHx species: The aim of including the latter · metals in the present work is to 

elucidate the role of intermediate NHn species in the title process. 

In our calculations, n hydrogen atoms of the NHn,ads particle are set to bind to the nitrogen 

atom only, but not to surface platinum atoms. We considered that the strongly bound species, 

i.e. the N atom of NHn is triply bound to surfaces with C3v symmetry, and fourfold bound to 

surfaces with C4v symmetry. Rh(l 11) and Rh(lOO) surfaces were considered as components 

of the Rh(533) plane, which is known to' reveal oscillations in the reaction rate of the NO+H2 

reaction-[14]. The results obtained are compared with the available experimental data. 

2. Theory 

The method of interacting bonds considers a certain multi-atomic system as a set of two-center 

bonds [20]. Each i-th bond is characterized by an empirical parameter Ei similar to the 

well-known bond energy by its nature. Usually Ei depends only on the type of bond forming 

atoms. Besides, for each i-th bond we introduce a variable bond coefficient vi (0 < vi < 1), 

whose value and, thus, contribution of the i-th bond to the total energy of the system is 

characterized by the whole system structure. The interaction (repulsion) between the i-th and 
. . ! 

k-th bonds sharing an atoni · is also allowed for. This interaction is characterized by an 

empirical parameter Aik which depe~ds on the type of the atoms involved into a certain 

system formation. Atomization energy is written as: 

1 i>k 

Bond coefficients Vi are found from the maximum of the Ha value (energy minimum): 
.. ~, . . 

The simplicity of MIB permits one to investigate any complex system of the desired 

structure without any additional assumptions such as surfaces, interfaces, extended defects of 

solids, etc. It should be noted that MIB does not deal with the electronic properties of the 

system considered. Therefore, determination of atomic coordination numbers, bond angles 
' . 

and other similar features of this system is beyond the model action. For proper use of the 

MIB results, one certainly has to take into account the molecular geometry, valence, steric 

features and some other properties of the system considered, which were determined 

theoretically and/or experimentally. 
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The bond parameters used in the present work are listed in Table 1. All EMM parameters 

were determined from corresponding evaporation enthalpies. · All ilM parameters were 

estimated from the empirical ratio EMMI L'.lM == 4.3 [22]. 

Table 1. Bond parameters used in MID calculations, kJ/mole 

EMM L\.M EMN . ENH .L\.N 

Fe 246.34(a) 57.29 405.0(b) 583.25 [18] .313.8 [22] 

Re [23] 456.6 106.2 555.3 

Rh [18] 333.0 77.4 405.8 

Ir 392.9 91.4 453.l(C) 

Pt [19] 334.3 77.7 384.9 

(a) EFeFe is detennined from the sublimation heat ofy-Fe; (b) EFeN i~ determined from the atomization heat ofFe4N; 
(c)E1rN is determined from the empirical correlation between E1rN and E1r0 [22], that is determined from the 

formation enthalpies of IrO and IrO3• 

MIB assumes that the parameters used must be reliable for all the considered systems of 

rather different properties, though one is not always sure of this. Thus one cannot take for 

granted a high precision of all the calculated values. However, MIB is able to provide results 

with high comparative accuracy. This is very useful for examination of various systems in 

order to establish the conditions of their formation, and select favorable structures and 

determine their relative stability. We tried to use these potentialities of MIB in the present 

paper. The method was successfully applied to systems of various chemical origin such as 

oxides [21,24,25], sulfides [26,27], and metals [22] etc. 

3. Results and discussion 

The following key points concerning NHac1s and NH2,ac1s species, have been considered for a 

set of single crystal surfaces in order to clarify the title process: 

• The stability characteristics of adsorbed species. A given NHx,ads species is forbidden to 

form if any of its bond parameters is negative, i.e. VMN < 0 and/or VNH < O; the particle is 

stable if VMN > 0.1 and VNH > 0.1; the particle is weakly stable for intermediate values of bond 

parameters. 

• The heat of formation Q1 in the adsorbed layer according to the reactions: 

Nads + Hads ~ NH(ads) + Qi 

NHads + Hads ➔ NH2(ads) + Qi 
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The formation of a given species is allowed if Qi>: 0. 

' . . ·"-: .• 

The value of Qi was determined as: 

Q1 =QNH-QN-QH (for NHads formation) 

And as: 

Q1 = QNH2 - QNH - QH (for NH2,ads formation). 

Where Q8 stands for the half of the experimental heat of adsorption of hydrogen presented in 

Table 2. This value is assumed to be independent of coverage for a given surface; 

QN, QNH, QNHZ stand for heat of formation of the respective species calculated by the MIB: 

½ N2,gas ➔ Nads + QN 

½ N2,gas + ½ H2,gas ➔ NHads + QNH 

½ N2,gas + H2,gas ➔ NH2,ads + QNH2 

(3a) 

(3b) 

(3c) 

• The possibility of proceeding the combination reaction according to the equations: 

2 Nliads ➔ N2,gas + H2,gas + Q2 (4) 

2 NH2,ads ➔ N2,gas + 2 H2,gas + Q2 (5) 

A given reaction is supp9sed to be favorable if the heat of reaction Q2 > 0. 

Table 2. The heat of H2 adsorption on the metal surfaces examined, kJ/mole 

Fe(llO) Re(OOOl) Rh Ir(llO) Pt 

Qads, kl/mole 83.0 83.4 77.8 83.2 66.9 

Refs. [32] [31] [28,29] [33] [30] 

Fig. 1 and Fig. 2 show the results of the calculations concerning adsorbed NH species on a set 

of single crystal surfaces at various coverages. In all cases Nliads species are quite stable as shown 

in Fig. 1. The VMN bond coefficient (i.e. M-N bond strength) decreases and the VNH bond 

coefficient (i.e. N-H bond strength) slightly increases as the coverage rises. The latter value even 

exceeds VNH = 0.65, the value found by MIB calculations for gaseous NH3 molecule. 
. . 

Fig. 2 (a) shows that Nliads species readily form in the adsorbed layer. It means that not 

Nads, but NHads species are favorable in the presence of adsorbed hydrogen. An excess of H 2 

in the reaction mixture NO+H2 corresponds to the experimental conditions required for 

sustained oscillations in the reaction rate [14,16,17]. 
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Fig. 1. The bond coefficient vMN (a) and vNH (b) of NH species adsorbed on different single crystal 

planes as a function of coverage, where M= Pt(l00)-(lx 1) - open circles; Rh(ll 1) - crosses; 

Rh(l00) - up triangles; Fe(l 11) - solid circles; Re(000I)- diamonds. 
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Fig. 2. Heat of formation (a) by equation (1) and heat of combination reaction (b) by equation (4) of 

NH species on different single crystal planes as a function of coverage. 
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Fig. 2 (b) illustrates an important feature of NHads particles. Namely, the combination 

reaction is allowed on those surfaces, which reveal oscillatory behavior, and it is forbidden for 

surfaces, which . do not reveal oscillations. Besides that, the heat of the combination reaction 

increases (i.e. Gibbs energy change decreases) as the coverage rises. This result is in line with 

another experimental characteristic of oscillation phenomena; because a certain critical 

coverage is always necessary to start the regular surface wave propagation. 

Fig. 3 demonstrates the stability of adsorbed NH2 particles. The same dependence on 

coverage was found in the case of the NH species: M-N bond strength slightly decreases, and 

the N-H bond strength slightly increases as the coverage rises. Re(000l) and Fe(l 11) surfaces 

exhibit a rather high VMN value, i.e. strong M-N bond, whereas this value obtained for the 

noble metal surfaces corresponds to weakly bound NH2 particles (vMN < 0.1, this boundary 

value is marked by the dashed line in Fig. 3a). In this case the N-H bond is even stronger than 

in NH species. 

Fig. 4 shows the thermodynamic properties of NH2 particles. In contrast to NH species, the 

formation ofNH2 species in the adsorbed layer by equation (2) is favorable for Pt(lOO) and Rh(l 11) 

surfaces only, and the combination reaction by equation (5) is not allowed for all surfaces. 

Even a brief analysis of the data presented in the Figures 1-4 evidences that . our 

calculations revealed a steady regularity in the row of examined surfaces: 

Pt(lO0)-(lxl), Rh(l 11), Rh(lO0), Fe(l 11), Re(000l) (6) 

In this order the following properties of NH and NH2 species sequentially change: 

- The heat of formation ( equations 1 and 2) decreases; 

- The heat of the respective combination reaction (equations 4 and 5) decreases; 

- The N-H bond strength decreases; 

- The M-N bond strength increases. 

Table 3 is designed to find out those characteristics among the collection of experimental and 

theoretical data, which may be responsible for the title process. 
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Fig. 3. The bond coefficient vMN (a) and vNH (b) of NH2 species adsorbed on different single crystal 

planes as a function of coverage, where M= Pt(lOO)-(lxl) - open circles; Rh(lll) - crosses; 

Rh(lOO) - up triangles; Fe(l 11) - solid circles; Re(OOOl) - diamonds. 
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Fig. 4. Heat of formation (a) by equation (2) and heat of the combinati~n reaction (b) by equation (5) 

· ofNH2 species on different single crystal planes as a function of coverage. 
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Table 3. Combined experimental (*) and calculated data on single crystal surfaces. 

# Characteristic Pt( 100 )-0 x 1) Rh(l 11)/(100) Fe(l 11) FCC Re(000I) 

1. *Oscillatory + + - -
behavior .. 

2. *NO dissociation + + + + 
3. *Surface + - - -

reconstruction 
4. *Availability of + + + + 

NH,. species 

5. NH formation + + + + 
6. NH stability + + + + 
7. NH combination + + - -
8. NH2 fonnation + + - -
9. NH2 stability - - + + 
10. NH2 combination - - - -

Table 3 evidences that line 1 ( oscillatory behavior) meets coincidence at two another lines 

only - 7, and 8, corresponding to NH combination, and NH2 formation, respectively. The 

formation of adsorbed NH2 species cannot be responsible for oscillations, because the 

stability of NH2 (line 9) reveals opposite characteristics. Moreover, the combination reaction 

ofNH2 particles {line 10) is not allowed thermodynamically. 

In contrast .to that, the reaction of NH combination may be quite , responsible for 

oscillations. Indeed, Nacts species can be readily fonned (line 2 in Table 3), both the further 

formation of NH particles in adsorbed layer, and the combination reaction are significantly 

exothermic as shown in Fig. 2. In addition, the intermediate NH species are quite stable as 

demonstrated in Fig. 1. 

A preliminary consideration of the Ir(ll0) single crystal surface shows that the (lxl) 

structure should be inactive in oscillations since its properties are close to that of Fe(ll l ). On 

the contrary, the properties of the Ir(l 10)-(lx2) surface are close to that ofRh(l 11). It means 

that the reconstructed iridium surface should be active in oscillations. It agrees with the 

experimental observations, which demonstrate that non-linear kinetic behavior of the Ir(l 10) 

surface in the No+H2 reaction proceeds under experimental conditions at which the surface is 

reconstructed (16,34]. 

Conclusions 

1. The semi-empirical Method of Interacting Bonds was used to analyze the properties of 

adsorbed NHn species on a set of single crystal planes of transition metals. The regularity in 

the following row of examined surfaces is established: Pt(lO0)-(lxl), Rh(ll l), Rh(l00), 

Fe(ll t); Re(000l ). In this order the properties of NH and NH2 species sequentially change as: 
' ,·,i , _ . . 
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the heat of formation, the heat of respective combinati9n reaction, and ~-H bond, strength 

decreases, whereas the M-N bond strength increases. 

2. The combination reaction between two adsorbed NH species may be responsible for the 

oscillatory behavior of the single crystal planes of noble metals considered in the No+H2 

reaction. It means that the earlier suggested mechanism for the rate oscillations, which 

attributes the surface wave propagation to the intermediate formation of NH species, is quite 

acceptable. 
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ABSTRACT 

In the present study the use of planar silicon-based models for hydrotreating catalysts 

is discussed. The specific flat nature makes these models amenable fo high resolution 

surface-sensitive techniques such as XPS. The additional possibility to measure the activity 

of such model catalysts in thiophene hydrodesulfurization provides a powerful tool to 

determine structure-activity relations. Here, we study the effect of chelating agents (NT A and 

EDTA) on the sulfidation order of NiMo catalysts. The XPS results clearly show that the use 

of these chelating agents retards the sulfidation of Ni with respect to Mo. Especially, EDTA is 

effective by postponing Ni sulfidation after Mo is completely sulfided. The latter catalyst also 

displays the highest activity which is attributed to the highest amount of 'Ni-Mo-S'-type 

phases. In essence, the results underpin the notion that such 'Ni-Mo-S' phase can be formed 

effectively when Ni sulfidation proceeds after MoS2 has been formed. When Ni sulfides at too 

low temperature, inactive bulky NiJS2 clusters are formed. 

INTRODUCTION 

General 

Supported mixed transition metal sulfide catalysts play a pivotal role in refineries for the 

production of clean motor fuels. They are employed not only to hydrotreat the final products 

like gasoline and diesel, but also to pretreat fluid ~atalytic cracking or reformer feed [1]. 

Furthermore, they provide the hydrogenation functionality in most hydrocracking catalysts 

that upgrade vacuum residue to more valuable products. 

Two major drivers for the development of more active hydrotreating catalysts are (i) 

dwindling oil supplies forcing refiners to use heavier feedstock and (ii) ever-tightening motor 

fuel specifications (for instance, the EU Auto Oil programme II [2]). Noteworthy is that 

mostly the use of an improved catalyst is more economic than modifications to the process. 
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In addition to the demand for more. active catalysts, selectivity is also an issue to consider. 

Whereas the desulfurization of gasoline is not a difficult task in itself due to the thiophenic 

nature of the sulfur compounds, concomitant olefin hydrogenation leads to a dramatic loss in 

octane rating when aiming at very low sulfur levels. Here, there is room for the development 

of catalysts with an increased hydrodesulfurization/hydrogenation ratio [3,4]. For the near 

future, the introduction of the fuel cells in mobile applications may set zero sulfur limits when 

oil-derived fuels are to be used to generate hydrogen via onboard partial oxidation [5]. 

While research on hydrotreating catalysts has been extensive over the last 50 years [6-11], it 

has proven very difficult to relate catalyst structure to catalyst activity and selectivity on the 

molecular level. Partly, this is to be attributed to the heterogeneous nature of such catalysts in 

the sense that various metal sulfide phases are present. 

In recent years, we have employed the model catalyst approach to heterogeneous catalysis. 

The essential point is to prepare planar model catalysts by spincoating which mimics the 

industrial pore volume impregnation method. In this way, realistic models can be obtained 

which are easily amenable to high-resolution spectroscopic studies. The specific catalytic 

activity of such well-defined models can also be evaluated. Here, we will show that the strong 

tandem-mix of characterization and reactivity evaluation of these realistic models enables one 

to obtain detailed insight into the relation between sulfidation behavior of the transition 

metals and their activity. 

Preparation of model catalysts 

Models of catalysts are used to circumvent the disadvantages of industrial catalysts (Figure 1 ). 

Industrial catalyst on 
porous suppon 

model catalyst ,;n Hat 
support 

unsupported single 
crystal modCI catalyst 

Figure 1. Schematic drawing of a porous catalyst (left), a flat supported model catalyst (middle) and a 
. single crystal. 

The ultimate and most simple model is a well-defined single crystal surface. These single 

crystals have been used successfully in ultra high vacuum (UHV) to study fundamental adsorption 

50 



OP-3 
behaviour of molecules on metal surfaces and its dependence on surface geometry and 

composition. A major drawback of single crystal surfaces is the so-called pressure- and material­

gap with respect to industrial catalysts. Planar silicon-based model catalysts provide opportunities · 

to bridge these gaps. These models consist of a flat model support covered by the precursor · · 

material. The model support is made up by a thin layer of SiO2 or Ah03 on · a conducting 

substrate. The precursor material can be applied by evaporation, electron beam lithography or wet 

chemical preparation [12]. Especially the latter method has gained increasing importance~ 

Spincoating introduced by Kuipers et al. [13] mimics the widely applied pore-volume ·· 

impregnation used on the industrial scale and allows full control over the loading (Figure 2) [14]. 

pDr,' vol um..: 
impr-:gnation 

spincoating 
impr<:gn:iti,m 

. - . 
~~- . '~·-·c., 
~-' 
~~ ,./ ...... ·-

<:;"" ,s 2800rpm 

Figure 2. Analogy between the spincoating technique used for model catalysts in this thesis and 
impregnation of a porous catalyst. 

Due to the non-porous conducting · support all active particles are on top of the substrate and 

are thus 'visible' for various surface sensitive techniques. Furthermore, charging phenomena 

during electron- or ion-spectroscopies are largely eliminated due to the conducting substrate. 

The absence of pores allows the measurements of intrinsic kineti~s without effects of 

diffusion limitations due to small pore sizes. The majority of studies on model catalysts 

concern the 'classic' metals on oxidic supports. However, recently model catalysts have also 

been applied in different fields of catalysis such as polymerization [15] and transition metal 

oxide and sulfide catalysts [16]. An excellent review on the preparation and applications of 

model supports and catalysts has been published by Gunter et aL [12]. 
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Characterization by X-ray photoelectron spectroscopy 

Where in industrial practice the feed is spiked with sulfur-containing molecules to slowly 

convert catalyst precursors to their active sulfided form, a mixture of hydrogen sulfide and 

hydrogen is generally applied in laboratory practice. The group of Niemantsverdriet [17, 18] 

has used the model catalyst approach to study the sulfidation of SiO2-supported MoO3 in great 

detail. X-ray photoelectron spectroscopy is an ideal tool [19] to study this transformation 

since essential information of the different types of molybdenum and sulfur species can be 

obtained. It was found that the sulfidation of Mo occurred via Mo5+ -oxysulfides and that no 

MoO2 or elemental sulfur was involved, as proposed by Arnoldy et al. [20]. More recently, 

De Jong et al. [16] prepared CoMo-NTA/AlzO3 and CoMo-NTA/SiO2 model catalysts and 

concluded that these catalysts exhibit activities and product distributions for thiophene HDS 

similar to those of their high surface area counterparts. 

thiophenc 

2.3-DHT 

1,.3-butadienc 

I-butene c-2-butene t-2-butcne " ~ ~ ~ 
n-butane 

Figure 3. Possible reaction pathways for the desulfurization of thiophene. 

Reactivity evaluation 

Thiophene is one of the most used model compounds for studying hydrodesulfurization 

reactivity. Despite intensive research (see (21-23]) there is still debate on the exact reaction 
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mechanism. The possible reaction paths for thiophene HDS are collected in Figure 3. Direct 

C-S cleavage was proposed by Lipsch and Schuit [24], whereas others [25,26] have proposed 

partially hydrogenated intermediates, i.e. tetrahydrothiophene (THT) or dihydrothiophenes 

(DHT), which are very difficult to observe under standard reaction conditions [27]. Recently, 

low temperature experiments by Hensen et al. [28,29] provided evidence for DHTs and THT 

as intermediates in thiophene HDS. 

EXPERIMENT AL 

Preparation of model catalysts 

A silica model support was prepared by oxidizing a Si (100) wafer with a diameter of75 mm 

in air at 750°C for 24 h. Rutherford back scattering (RBS) measurements indicated that the 

SiO2 layer is about 90 nm thick. The roughness of the SiO2 surface is below 5 A as derived 

from AFM experiments. After oxidation the wafer was cleaned in a solution of ammonia and 

hydrogen peroxide at 65°C for 10 min. The surface was rehydroxylated by boiling in water 

for 30 min. Cobalt and molybdenum were applied by spincoating the SiO2/Si (100) wafers at 

2800 rpm in N2 with aqueous solutions of cobalt nitrate (Co(NO3) 2· 6H2O, Merck) and 

ammonium heptamolybdate ((NH4)6Mo1O24· 4H2O, Merck), respectively. The concentration 

of Co and Mo in the aqueous solutions was adjusted to result in a loading of 2 Co atoms/nm2 

and 6 Mo atoms/nm2 after spincoating, which was checked by RBS. The mixed phase model 

catalysts were prepared by spincoating with aqueous solutions containing Co and Mo with an 

atomic ratio of 1 :3, respectively. Catalysts containing nitrilo triacetic acid (NTA) were 

prepared by spincoating ammoniacal solutions containing ammonium heptamolybdate 

(Merck), cobalt nitrate and NTA (Acres Organics) as described by van Veen et al. [30]. The 

NTA solutions contained Co:Mo:NTA ratios of 1:3:4. Calcination was carried out in a glass 

reactor under a 20 vol.% 02 in Ar flow at 1.5 bar. The catalysts were heated to 500°C at a rate 

of 5°C/min and kept at the desired temperature for 30 min. Sulfidation of the model catalysts 

was carried out in a glass tube reactor with a mixture of 10 vol.% H2S in H2 at a flow rate of 

60 ml/min. The catalysts were heated at a rate of 5°C/min (NTA-containing samples: 2 °C/min) to 

the desired temperature and kept there for 30 min. After sulfidation, the reactor was cooled to 

room temperature under a helium flow and brought to the glovebox,'where the model catalyst 

was mounted in a transfer vessel for transport to the XPS under N2 atmosphere. · 
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RESULTS 

XPS characterization 

Suffidation temperature Nl2p 

889 884 879 874 B69 854 859 854 849 167 

Binding •nergy (eV) 

Suffidation lemperatun S 2p 

165 163 161 159 

Binding energy (ttV) 

Figure 4. Ni 2p and S 2p spectra of calcined NiOx/SiO2'Si(100) sulfided in 10% H2S/H2 for 30 min at 
various temperatures. 

The sulfidation behaviour of molybdenum was described in earlier reports [16-18,31,32]. 

Briefly, the sulfidation of Mo proceeds at moderate temperatures, starting around 50°C. 

Complete transformation to MoS2 occurs at temperatures above 150°C. The Mo 3d spectra of 

the catalysts sulfided at intermediate temperatures can be all interpreted in terms of Mo6+, 

Mo5+ and Mo4+ doublets as described earlier [16,17]. Addition of chelating agents in the 

preparation stage did not affect the sulfidation behaviour of Mo significantly. 

Figure4 shows the Ni 2p and S 2p spectra during progressive sulfidation of a calcined 

NiOx/SiO2 model catalyst. The Ni 2p spectrum of the calcined · catalyst shows the 

characteristic pattern of oxidic nickel with a Ni 2p-312 peak at 856.8 eV and a shake up feature 

aLhigher binding energy [33] . The binding energy of 856.8 eV corresponds well 'with that of 

NizO3 [33]. Sulfidation at room temperature shows the appearance of a ' second doublet at , 

lower binding energy. At higher temperatures this doublet increases in intensity, while the 

doublet with Ni 2p312 at 856.8 eV decreases and finally disappears at temperatures above 

50°C. The Ni 2p312 peak at 853.8 eV obtained after sulfidation at 400°C corresponds well with 
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that of bulk .NhS2 [33]. Sulfur is present in the s2· state as derived from the binding·en~tgy of 

161.8 eV. Ni 2p spectra of a Ni-EDTNSiO2/Si model (not shown) show that the sulfidation of 

Ni is retarded to temperatures above 200°C. The sulfidation is complete at 300°C. N ls spectra 
'. :. :· .. 

indicate that EDTA decomposes at temperatures above 200°C. 

S ulfida'lion temperature , Mo 3d · Sulftdation te.mp1'ratur& Ni2p 

300 DC 

200 •c 

240 238 236 234 232 230 228 226 224 222 

B,inding 11ner9y (e VJ 

889 884 879 874 869 864 859 864 849 

Bin ding energy (eV) 

Figure 5. Ni 2p and Mo 3d spectra of calcined NiMo/Si02'Si(100) sulfided in 10 % H2S/H2.for 30 min at 
various temperatures. 

Figure 5 shows the Ni 2p and Mo 3d spectra of NiMo/SiO2 at various sulfidation stages. The 

Mo 3d spectra are identical to those of Mo/SiO2 [31]. However, the Ni 2p spectra reyeal a much 

slower conversion of nickel oxide to the sulfided state than for Ni/SiO2. Ni sulfidation onlY._, s~s 

at temperatures around 100°C, which is some 75°C higher than for the calcined Ni/SiO2• At these 

temperatures a second doublet with small shake up features appears at a Ni 2p312 bi~ding energy 
' ' . 

of 854.2 eV. Above 150°C the sulfidation is complete. A small, but significant higher binding 

energy for sulfided Ni in NiMo/SiO2 compared to that of Ni/SiO2 is observed. Comparing Ni and 
' 

Mo, one observes that the rates of sulfidation are similar, i.e. starting around 50°C ,~d being 

complete between 150°C and 200°C. The XP spectra of uncalcined NiMo/SiO2 catalysts (not 

shown) are similar to those of the single-phase catalysts. Sulfidation of Ni precedes that of Mo, 

although the temperature regime where sulfidation occurs shows some overlap. 
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t 

Sullidarion temperature Mo 3d S ulfid a lion tern perature Ni2p 

400 8C 

250 8C 

200 8C 

240 2?,8 238 234 232 230 228 226 224 222 889 884 . 879 87 4 869 864 859 854 849 

Binding Energy (eV) Binding Energy (eVj 

Figure 6. Ni 2p and Mo 3d spectra of calcined NiMo-EDTNSiOi/Si(l00) sulfided in 10% H2S/H2 for 
30 inin at various temperatures . . 

Figure 6 shows the Ni 2p and Mo 3d spectra of a NiMo-EDTNSiO2 model catalyst. The 

Mo 3d spectrum of the fresh catalyst shows one doublet with a Mo 3d512 binding energy of 

232.2 eV characteristic of molybdenum complexated to chelating agents. The sulfidation 

behaviour of Mo is identical to that of Mo in Mo/SiO2 and NiMo/SiOz. The doublet with Mo 3d512 

binding energy at 229.0 eV is characteristic for MoS2. The Ni 2p spectra show that EDTA 

retards the sulfidation of Ni significantly. The spectrum of the fresh catalyst shows a single 

doublet with Ni 2p312 at 856.l eV, corresponding to Ni complexed to EDTA, and shake up 

features at higher binding energy. Sulfidat1on does not start until temperatures around 200°C 

where a second doublet at lower binding energy appears. Ni sulfidation is complete at 300°C. 

The same sulfidation behaviour w~s observed for Ni-EDTNSiO2 catalysts. Note however that 

the Ni 2p312 binding energy of the sulfided Ni in. NiMo-EDTNSiO2, i.e., 854.l eV, is 0.3 eV 

higher than that of the fully sulfided Ni-EDTNSiO2 catalyst, i.e., 853.8 eV. 

The sulfidation behavior of a NiMo-NTNSiO2/Si(lOO) model catalyst was studied in a 

similar way (spectra not shown here). While Mo sulfidation proceeded qualitatively in the 

same way as in NiMo-EDTNSiO2 and NiMo/SiO2, Ni sulfidation is faster than in the 

EDTA case and starts already at 125°C. This corresponds well with the sulfidation of Co 
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in a CoMo-NTA/SiO2 model catalyst [31]. In contrast to the EDTA case, there exists an 

overlap in temperature where Ni and Mo are converted to their sulfided state. The Ni 2p312 

binding energy of the nickel in the sulfidic state (854.2 eV) equals that in NiMo-EDTA/SiO2 

and differs from that of bulk nickel sulfide. 

Hydrodesulfurization activity measurements 

Table 1 compares the thiophene HDS activities of the various model catalysts. The activity 

is expressed as yield of products per 5 cm2 of catalyst after 1 h of batch reaction at 400°C and 

has been corrected for blank measurements (bare silica support and empty reactor). 

TABLE 1 Thiophene conversion after 60 min. at 400°C in batch reactor 

Catalyst Conversion (%) 

Mo/SiO2/Si 0.2 

NiMo-uncalcined/SiOi/Si 0.7 

NiMo-calcined/SiO2/Si 1. 1 

NiMo-NT A/SiO2/Si 3.5 

NiMo-EDT A/SiO2/Si 6.4 

The activity of Ni/SiO2 corresponds to a pseudo turnover frequency of l.8*10-3 mol 

thiophene per mol Ni per second. Similar low activities were also found for Ni/SiO2 and 

Ni-EDT A/SiO2 (not shown). The activities of Mo/SiO2 and Mo-NT A/SiO2 were similar. The 

addition of Ni to such catalysts clearly points to the known synergy between these two metals. 

The activity of calcined NiMo/SiO2 is higher then that of uncalcined NiMo/SiO2, which we 

attribute to an increase in Ni-Mo interaction due to calcination. The highest activities are 

observed in NiMo/SiO2 catalysts prepared with chelating agents. NiMo-EDT A/SiO2 is the 

most active one amongst the studied catalysts. 

DISCUSSION 

It is generally accepted that the high activity in CoMo sulfide catalysts derives_from the 

presence of 'Co-Mo-S' type phases. This phase is thought to be present as MoS2 slabs with 

Co species located at their edges. Although not proven beyond doubt, 'Ni-Mo-S' analogues of 
' 

these phases have been proposed [34-36]. Next to these mixed transition metal sulfide phases, 

also segregated metal sulfides, i.e. MoS2 and Ni3S2 may be present with a considerabl~ lower 

activity. The amount of the different phases will strongly depend on the preparation procedure 

and the sulfidation mechanism. We will discuss the sulfidation mechanism of the model 

catalysts under study. While small Ni-sulfide species are mobile and able to adsorb on MoS2 
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slabs_ resulting in 'Ni-Mo-S '-type particles, it is expected that large bulky NiJS2 · particles 

redisperse more difficult. In that sense, it appears that sulfidation of Mo prior to Ni leads to a 

higher amount of 'Ni-Mo-S' phase. 

Ni/Si02• Ni sulfidation proceeds through progressive oxygen-sulfur exchange. The 

transformation to the sulfided state is clearly indicated by the shift in the binding energy to 

lower values. Sulfidation starts already at room temperature and is completed around 100 °C. 

The resulting phase is most probably NiJS2 and presents a low activity for thiophene HDS. 

The ·addition of EDTA hardly affects the thiophene HDS activity, although Ni sulfidation is 

considerably retarded to higher temperatures. 

Mo/Si02• Mo sulfidation takes place at moderate temperatures and through different 

intermediates [17,31]. The sulfidation mechanism proceeds by O-S exchange transforming oxidic 

Mo into MoS2. In the intermediate temperature range Mo5+ and oxysulfide species are present 

[32,37]. These M0S2 slabs are active in thiophene HDS. No significant differences in activity 

were found between uncalcined and calcined Mo catalysts. Here, we should note that an 

alternative explanation for the chelating ligand effect is a decreased Mo-support interactions as 

forwarded for alumina-supported catalysts [10,38]. On the other hand, silica displays a much 

lower Mo-support interaction which probably makes this effect of minor importance. 

NiMo/Si02• The Ni 2p and Mo 3d XP spectra of uncalcined NiMo/SiO2 are similar to 

those of the single phase Ni and Mo catalysts. Since no calcination took place, the metals are 

not in combined phases. Ni sulfidation clearly precedes Mo sulfidation apart from some small 

overlap. We surmise that the amount of 'Ni-Mo-S' phase is not optimal since part of the 

nickel will form NiJS2 phases. Although this appears to be of overriding importance, one 

notes that small Ni-sulfide clusters may redisperse and form 'Ni-Mo-S' and 'Ni-W-S' phases. 

Calcination of NiMo/SiO2 prior to sulfidation results in a more active catalyst. Interestingly, 

the XP spectra show that Ni sulfidation is retarded to higher temperatures and starts around 

100°C and being complete around 200°c. We attribute this to a Ni-Mo interaction, which 

hinders low temperature Ni sulfidation. Similar results were obtained for CoMo/SiO2 model 

catalysts [31]. Based on XP spectra of a reference. NiMoO4 sample, we can exclude that this 

compound is formed upon calcination. Nickelmolybdate has been suggested to be an 

ineffective precursor for 'Ni-Mo-S' type phases [39]. Although Mo sulfidation still lags 

behfod that of Ni, there is a significantly larger temperature range where Ni and Mo sulfide 

simultaneously, with a greater chance to form the desired 'Ni-Mo-S' phase. This explains the 

higher activity of the calcined NiMo/SiO2 catalyst. 
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NiMo-EDTA/SiO2. Ethylene diamine tetraacetic acid (EDTA) - known to form very stable ; 

complexes with ions of nickel and cobalt [ 40) - is the most successful chelating agents with 

respect to stabilizing nickel against sulfidation. Whereas Mo sulfidation is similar to that of 

Mo/Si 02, the sulfidation of Ni is effectively retarded to temperatures above 200°C. Hence, all 

Mo is present as M0S2 when the sulfidation of Ni starts. In our simple model, this represents 

an ideal situation for the formation of a maximum amount of fNi-Mo..,S' phase. This agrees 

with the highest thiophene HDS activity for the catalysts under study. The activity is almost 

two times higher than that of NiMo-NT A/SiO2. This is in qualitative agreement with Prins et 

al. [41,42]. Although we surmise that the sulfidation order is most important with respect to 

the final activity, we cannot exclude that the chelating agents have some effect on the 

dispersion of MoS2 particles as well, although one generally observes that NT A addition leads 

to a somewhat larger MoS2 crystallite size. A general observation is that there is still a lack of 

a reliable method to determine the edge dispersion of these catalysts. 

NiMo-NTA/SiO2. Adding NTA to the impregnating solution leads to complexation of Ni 

and stabilizes Ni against low temperature sulfidation, whereas Mo sulfidation is not strongly 

affected by the NT A ligands. This leads to a large overlap of Mo and Ni sulfidation (results 

not shown). In fact, Ni sulfidation starts around 75°C and is completed at about 200°C. This 

means that both Ni and Mo sulfidation are essentially completed at the same temperature. 

Although this would provide more efficient 'Ni-Mo-S' formation than in the NT A-free case, 

it will probably form a lower amount of such species than in the EDTA case. A similar NTA 

effect was observed earlier for a CoMo/SiO2 model catalysts [13,14). The activity of 

NiMo-NTA/SiO2 is indeed between those of NiMo/SiO2 and NiMo-EDTA/SiO2. _ 

CONCLUSIONS 

Planar model catalysts offer new possibilities ,to _study the sulfidation mechanism of 

hydrotreating catalysts in detail. Combined XPS and thiophene HDS measurements applied to 

a series of NiMo-based model catalysts on a flat silica support allow one to correlate the 

sulfidation order of the respective transition metals with their activity. Conventional 

impregnation leads to a low activity catalyst in which Ni sulfidation proceeds at lower 
r . . '11 • •. . 

temperatures than Mo. Chelating agents are effective in retarding Ni sulfidation. EDTA is 

most effective and yields the most active catalyst. It is proposed that in order to form a lligh 

amount of the active 'Ni-Mo-S' phase, Mo has to be sulfided to M0S2 to accommodate small 

Ni-sulfide particles. If Ni sulfidation takes place at too low temperature, bulky Ni3S2 particles 

are formed with low activity, which are not able to redisperse on MoS2 edges. 
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CATALYSIS FOR DIRECT METHANOL FUEL CELLS 
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Muenchen,Germany 

Direct methanol fuel cells (DMFC) are an attractive means of energy conversion, holding a 

number of advantages, in particular high efficiency of the fuel conversion, low emission of 

pollutants, availability of methanol either through natural gas processing or from biomass and 

high specific energy density of methanol as a fuel. DMFCs are currently being proposed as an 

alternative to the combustion engine for automotive applications and for portable power 

sources. Despite numerous efforts, the performance of DMFCs is still far from being 

satisfactory for practical applications. The limitations of the DMFCs reside in the yet low 

efficiency of the electrode materials and in the methanol permeation (crossover) through the 

membrane, which reduces the voltage output of the cell and poisons the cathode. In the 

present paper we will concentrate on the catalytic processes · occurring at the anode and 

cathode sides of a DMFC. Recent efforts to develop methanol-resistant RuSe cathode 

catalysts will be highlighted along with the insights into the mechanism of their operation and 

origin of their tolerance to methanol. On the anode side, we will focus on the structural effects 

in model and technical carbon-supported Pt and PtRu fuel cell catalysts. An impact of the 

structure on the methanol oxidation activity and CO tolerance will be analyzed and the 

prospects for the development of highly efficient catalysts for low temperature DMFCs will 

be outlined. 
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Introduction 

Reaction of ethoxylation of hydroxy-groups of alcohols lies in a base of many large-scale 

industrial processes: 

(1) 

in the case of ethylene glycol: R = HOCH2CH2-

This reaction can proceed by an acid catalytic, base catalytic and noncatalytic · way. All of 

these mechanisms are well investigated for homogeneous conditions [ 1-3]: 

Acid catalysis: 

. ~6R 
~ ~O----A A + '\7 

V 
R, @~O:...._ _ . 

0 . ~ 
I . , 

H 

R, ~OH . 
-__,.,,- . 0 + A 

A = Bronsted (II') or Lewis acid; _ 
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Base catalysis: 

B8 + ROH --- BH + R<f 

ROH+ V u 
~8 -K R .... ./',.,.. ... OH 0 

- vO-GHOR-.- "'o' . .......,,,,,,,. + RO 

Noncatalytic: 

The effectiveness of each of these three processes is composed of two components: the rate of 

reaction and the selectivity. According to a value of reaction rate these processes can be 

arranged in the following row: 

Noncatalytic < Base catalysis < Acid catalysis 

The selectivity of product's formation depends on ratio of rates of consecutive stages of 

reaction (1) and usually is characterized by distribution factor (Ci) [2,4] that is equal to ratio 

of rate constant of corresponding stage of reaction (1) to rate constant of first stage: 

So the less is the value of Ci the higher is selectivity of formation of corresponding 

product. For the three above mentioned mechanisms average magnitude of distribution factor 

for ethoxylation of primary alcohols is: 

Acid catalysis: 

Base catalysis: 

Noncatalytic: 

In addition there are two side reactions - ethylene oxide isomerization to acetaldehyde and 

dimerization to 1,4-dioxane, in the case of acidic catalysis. 

Modified titanooxides synthesized by alkoxo-method using the organic derivatives of 

phosphoric acid as precursors, as it was shown by professor Tsodikov et al. [5,6], are a high 

organized nanocluster systems. So such systems are highly convenient for investigation of 

mechanism of reaction of ethylene glycol ethoxylation proceeding on the surface of solid. 
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Results and discussion 

The series of kinetic experiments, with Cu-modified titanooxide sysfems differing in ratio of rutile 

and anatase showed that only system with 100% anatase structure has highest catalytic activity 

(Fig. 1 ). So only systems with 100% anatase structure were prepared for all following experiments. 

{/} - ·-

00 3 i 
'-" ----- --- - . --~•---~----.. - ----------~---

-. 3,5 ~··-··-----

:~ 2,5 _ ----------

s 2 ----------~~ X . 
~ 1,5 . 

.:2 1: ! ,+-----,,!lll----,o!l!ll!la-----

0,5 , ~,._-I; • ■~f~l-:::--mll,::,--lt] 
Q ¥-I -==-c-~==-.---'-"=-..--:=,-:__=c.,..---=~ 

24,6 43 55 66, 1 80 100 
Anatase content, % 

Figure 1. Changes of rate constant of catalytic reaction of etoxylation of ethylene glycol (kcai) vs. 

content of anatase (%) in Cu-modified TiO2• 

The precursors which where used for preparation of modified titanooxides and their phase 

composition and crystal lattice parameters determined by X-Ray diffraction are listed in the 

Table 1. 

Parameters of the porous structure determined by nitrogen vapor adsorption isotherms are 

listed in the Table 1 as well. The specific surface area (S) was calculated using the BET 

method. The average pore · sizes (r) were deter mined under the assumption of a slot-like 

geometry of the pores. The theoretical isotherms of polymolecular adsorption calculated by 

BET in coordinates amount of adsorbate (a) vs. number of monomolecular layers (n) are 

given in Fig. 2. Analysis of the plots shown in Fig. 2 ( existence of only single break on the 

curves) shows that all systems are characterized by homogeneous distribution of pore sizes: 

around 0.8-0.9 nm for phosphorous-containing system (samples 1, 2, 10) and around 1.8-1.9 nm 

for metal-containing systems (samples 3, 4, 9). 

The data of temperature-programmed desorption (TPD) of ammonia (Fig. 3) allowed to detennine 

concentration of acidic sites on surface of solids (Table 2). All acidic cites were distributed to three 

regions depending on energy of activation of desorption (El): Ed~ 90 kJ/mol - weak-acidic sites; 

90 kJ/mol < El < 130 kJ/mol - moderate-acidic sites; Ed~ 130 kJ/mol - strong-acidic sites (Table 2). 
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Figure 2. Changes of concentration ofN2 adsorbed (a) vs. number of monomolecular layers (n). 

(Number of line corresponds to number of sample) 

As it follows from data of Table 2, the doping by phosphorus leads to rising of acidity of 

titanooxides. This fact corresponds with XANES data showing the rising of effective positive 

charge of titanium atom (Fig. 4). 

The experimental values o:( rate constant of catalytic reaction of ethyleneglycol ethoxylation at 

115°C <kca1}, di!;;tribution factors (C) and selectivity of diethylene glycol conversion to ethylene 

oxide (Soro EC) at initial molar ratio ( ethylene oxide): ( ethylene glycol) = 0.5 are listed in Table 2. 

0.15 

0.12 

- 0.09 
I'll 
01) .._ 

;:::. 
0 0.06 §. 
>n 

,0.03 

0 
100 200 300 400 500 600 

Figure 3. Temperature-progrannned desoiption ofNH3• Number of curve corresponds to number of sample. 
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-40 a 40 
E(eV) 

Figure 4. Titanium k-edge XANES spectra for titanate systems: samples 2, 5, 10. 

Sample No 5 10 2 

I (rel. un.) 0.07 0.072 0.125 

Data of Table 2 show that titanooxide systems which have maximum number of acidic 

sites (samples 1, 2, 8) provide the highest catalytic activity. But in contrast to P-modified 

titanooxides the Al-modified catalyst (sample 8) yields 1,4-dioxan, that indicates that nature 

of acidity of the surface of these solids is different. It corresponds with the fact that during the 

experiment of TPD of ammonia on sample 8 some amount of NH3 does not desorb even at 

temperature 600°C and higher. 

As to selectivity of the reaction of ethoxylatiop of ethylene glycol the distribution factor 

for Al-modified titanooxide (sample 8) is equal 1.02, that is closeJo experimental one for 

homogeneous acid catalyzed reaction of ethoxylation of ethylene glycol (Table 2). 

Above mentioned facts allow to suppose existing of strong Bronsted acidic sites on the 

surface of Al-modified titanooxide. 
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The unique selectivity was obtained in case of P-modified titanooxides. The distribution 

factors for samples 1-4 are in a range of 0:37-0.52. Such level of d1stribution factor can not be 

achieved neither at acidic nor basic homogeneous catalysis (Table 2). 

In this connection it is interesting to note that spectra of TPD of CO2 for samples I and 2 

have narrow peaks in region of 120°C, that indicates the existence of basic sites of uniform 

strength on their is surface (Fig. 5). Samples I and 2 demonstrate the combination of high 

activity and high selectivity (in other words the highest catalytic efficiency among all 

titanooxides tested. 

0.020 

0.016 

,,-... 
0.012 r/) 

~ ------0 
§. 
>~ 

0.008 

0.004 

2 

100 200 300 

Temperature, °C 

400 500 

Figure 5. Temperature-programmed desorption of CO2• Number of curve corresponds to the number 

of samP,le. 
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Table 1. Structural and porous properties oftitanooxides 

~ 
(1) -0 p,. 

Precursor X-Ray difraction Parameters of porous structure 0 § z CZl 

Oxide's C,nm Average microcristallite S, m2/g V,cm3/g r,nm 

composition size (D), nm 

1 2 3 4 5 6 7 8 

6 Ti(OBu)4 TiO2 

(rutile + anatase) 

5 Ti(OBu)4 TiO2 (anatase) 0.947 39.7 3.2 0.009 3.0 

-60' 10 Et ;,P 
Pom Tio.94O2-0 0.941 8.2 83 0.082 0.9 07 

0 

3 CO\/CuBr CUo.01Po.01 Tio.ssO2-o 0.944 10.5 85 0.15 1.9 
. P-NEt2 

I Q, 



4 

1 

2 

8 

2 

Breu, .....-NEt2 

o/"'P"o 

(a, ,-NE 
NEt2 
p· 

o/"' "o 

Ah(S04)3x 18 

H20 _ 

3 

CUo.01Po.o1 Tio.88 

Oi-o 5 

PomTio.9102..s 

5 

Po.01Tio.9102-1> 

1 

Alo.09 Tio.9302-1> 

4 5 6 7 8 

0.94 12.9 93 0.2 1.8. 

6 

0.94 7.7 91 0.1 0.8 

1 

0.94 7.6 16 0.1 0.9 

0 2 



Table 2. Acidity and catalytic properties of titanooxides 

Q) 4-<p 
Precursor Distribution of acidic sites over the activation energy of desorption kcatxl04 , Distribution Selectivity, 0 ~ ;z; r/1 

(Ed, kJ/mol) of the ammonia, µmol/g 1/(g s) factor, C SoEG 
EO 

Overall capacity, 

(ao) Ed~90 90<Ect < 130 Ed~ 130 

1 2 3 4 5 6 7 8 

6 Ti{OBu)4 0.0 0.9 62.9 

5 Ti(OBu)4 0.00008 0.9 62.9 

-6' 10 Et "'p 0.0015 0.78 65.9 07 
0 

3 o 1cuBr \ . 
324 71 249 4 0.3 0.52 73.7 

. P-NEt2 
I 

0' 



4 300 78 222 0 0.5 0.37 79.3 

1 386 67 306 13 2.1 0.38 78.9 
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On the base of these facts the mechanism of simultaneous acid-base catalysis of ethylene 

oxide's ring opening on the surface of P-modified titanooxides can be supposed: 

And at last one more reason of so high selectivity that P-modified titanooxides demonstrate 

may be sieve effect due to the limiting of accessibility of active sites located in pores of these 

catalysts for reaction products. 

To estimate contribution of each type of acidic sites (Table 2) to overall catalytic activity, 

the experimental rate constant of catalytic reaction was described by following equation using 

least-squares method: 

3 

kcat = L ajkaj 
j=l 

where: aj - concentration of acidic sites of j-th region, (µmol/g); kaj - specific regional 

constant of rate inj-th region, (1/(µmol s)). 

The diagram on Fig. 6 shows a satisfactory conformity of experimental and calculated rate 

constants of catalytic reaction. 

0,8 

,_0,6 
ti) 

00 
;S"0,4 

4 3 1 8 

Sample's number 

2 

D Experimental 

■ Calculated 

Figure 5. Experimental and calculated rate constants of catalytic reaction (k:ai) 

The calculated values of kaj are: ka1 = 3 x 10-8; ka2 = 2.3 x 10-17; ka3 = 1.5 x 10-5 

(1/(µmol s)). As it follows from results obtained (ka3>>ka1>>ka2) the exactly strong acidic sites 
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provide a governing contribution to overall catal~ic activity of modified titan<>oxides systems 

in the reaction of ethoxylation of ethylene glycol. 
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Abstract 
... 

The NMR microimaging is used for the first time as an in situ method to study two 

model three-phase heterogeneous catalytic reactions with strong exothermicity. It is shown for 

the a-methylstyrene hydrogenation that in the course of the reaction, two domains coexist 

inside the catalyst grain which differ in the liquid phase content. The 2D maps of the liquid 

distribution in the course of this reaction are obtained. The reaction of the hydrogen peroxide 

decomposition at moderate activity of the catalyst and the H20 2 concentrations in the range of 

(0.03-3) M is shown to occur only in a thin layer near the catalyst surface. The influence of 

the medium inhomogeneity on the behavior of the BZ chemical oscillator reaction is 

investigated as well. 

Introduction 

Heterogeneous catalytic processes occur inside the porous catalyst grains and are affected 

strongly by the spatial distributions of reagent, intermediate and product concentrations, 

temperatures, etc., which are specific for each catalyst and each reaction. The experimental 

investigation of the spatial organisation and progress of catalytic processes inside catalyst grains 

seem to be accessible only by the application of an in situ imaging methods. 

Recently, a number of tomographic methods has beeq . suggested for a direct 

visualisation of chemical processes inside catalyst grains. The 1 H NMR imaging has been 

shown in the last years as a powerful nondestructive method for the in situ studies of various 

physical-chemical processes in porous media, e.g. liquid sorption and desorption [1,2]. A 

much more challenging task is to apply the 1 H NMR imaging for studying in situ some 

chemical reactions, especially those inside porous catalyst pellets. 
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In our study we have applied for ~e first time the NMR microimaging . for the in situ 

investigation of three heterogeneous catalytic reactions in order to vis~ise the progress of these 

reactions inside the catalyst grains, including the catalytic processes at elevated temperatures. 

Besides, NMR flow imaging which can yield liquid and gas flow velocities [3,4] was employed 

to demonstrate the possibility to observe the convection of liquid outside the catalyst grain 

induced by a catalytic reaction. 

As the first objects of the investigation we have selected several model heterogeneous 

catalytic processes such as hydrogen peroxide decomposition and a.-methylstyrene 

hydrogenation. These catalytic processes proceed inside the catalyst grain in the three-phase 

regime. The NMR imaging allows to visualise the content of the liquid phase and its 

distribution within the grain and thus to get information on the catalyst state during the 

progress of the catalytic reaction. 

The investigation of the reactions mentioned above is of both theoretical as well as 

practical interest. Indeed, many heterogeneous catalytic reactions in industry, especially in 

petrochemical synthesis, occur in the reactors with the fixed bed of catalyst and the co- or 

counter-current gas-liquid flow. Usually such reactors work i~ the stationary regime, but under 

certain conditions the occurrence of dangerous critical phenomena such as hot spot formation, 

temperature and phase composition oscillations, exothermic reaction by-passing is possible. All 

this can result in a rapid heating of the catalyst grain because of the possibility of porous structure 

drying and a subsequent reaction acceleration due to transition of reaction from a liquid phase to a 

gaseous0phase. Such processes are known to lead to the reactor runaway [5]. 

Thus, it is highly desirable to investigate experimentally the critical phenomena on a 

porous catalyst grain under conditions of an exothermic reaction which is accompanied by 

evaporation in order to determine the safety conditions of the reactor operation. In particular, 

it is important to investigate the distribution of the liquid phase inside the porous catalyst 

grain, the dynamics of the grain drying for an exothermic reaction and particle runaway. 

The state of the catalyst grain in the reactors with the fixed catalyst bed and the co-current 

gas-liquid downward flow is studied using the exothermic a.-methylstyrene hydrogenation 

mentioned above as a representative example. As a different example, we have investigated also 

the three-phase exothermic reaction of hydrogen peroxide decomposition. Also, we studied some 

peculiarities of the occurrence of the Belousov-Zhabotinsky (BZ) reaction in an inhomogeneous 

medium. 
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Experimental part 

All 1H NMR microimaging experiments were performed at 299 MHz on a Bruker 

DRX spectrometer equipped with a vertical bore superconducting magnet and an imaging 

add-on device capable of providing pulsed magnetic field gradients of up to 100 G/cm. 

Acquisition of the spatially resolved images by the 1H NMR microimaging method is 

based on the use of the pulsed magnetic field gradients [6-8]. Since the resonance frequency 

of the NMR signal depends linearly on the strength of the magnetic field applied to the 

sample, the resonance frequency becomes the function of the nuclear spin coordinate along 

the direction of the gradient when the field gradient is turned on. This allows to determine the 

distribution of the spin density (the quantity of a substance) in the sample under study with 

the spatial resolution of some hundreds or even some tens of microns. The use of the selective 

radio-frequency pulses with the magnetic field gradients allows one to detect only the NMR 

signal of those nuclear spins which are located within a slice of a certain thickness and 

orientation. This gives a possibility to obtain a two-dimensional projection of the selected 

slice which characterises the dis,tribution of the substance in the slice pl~e. Sufficiently · short 
' . ~~ , 

nuclear. spin relaxation time~ o(solid materials and low density of gas and • vapo~ ·in . the 

experiments ensure that only theNMR signal of the liquid phase is detected. 

Catalytic decomposition of hydrogen peroxide 

The NMR imaging experiments were carried out on an individual Ag/y-A}i03 catalyst 
. . . .,. _ _. -. . ' .· , 

grain. The impregnation with silver was performed from a salt solution, after that the grain 

was · calcined at high temperature. The initial y-A}iO3 had 134 m2/g:surface area· and 
,.'· . .· . ' ' 

031 cm3/g pore volume. The experiments.were carried out at an atmospheric pressure and an 

ambient. temperature. The H2O2 solution of 3 M concentration was prepared fr<>m the 

30% H2O2 by its dilution with distilled water. 

The experiment of the hydrogen . 
p·eroxide decomposition in the 
presence of one catalyst grain 

aqueous solution 
· ofH20 2 

cylindrical catalyst grain 

c~·lindrical glass ampoule 

catalytic reactor 
(view from: above) 

.surface of the catalyst grain 

imaging slice selection 

s 
s 

2 .0 mm 

---== ~ walls of the NMR probe 
3.6 mm 

Fig. 1. A scheme of the imaging experiments on the hydrogen peroxide decomposition. 
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A catalytic cell which was placed in an NMR probe is shown in Fig. 1. A cylindrical 

grain of the · catalyst ( diameter 3 .6 mm) was located in the centre of a glass ampoule (inner 

diameter 9 mm). The grain was placed into the aqueous solution of H202. The sample holders 

contained several holes so that the dioxygen gas produced in the reaction could escape from 

the reactive volume. We obtained two-dimensional projections of the NMR signal intensity in 

the plane perpendicular to the axis of the grain (Fig. 2). This figure demonstrates the 

dynamics of the dioxygen bubble formation on the grain surface and the evolution of the 0 2 

bubbles in the course of the hydrogen peroxide decomposition. The NMR signal of water 

outside the grain was initially partially suppressed by the fast repetition of the pulse sequence 

of the experiment, and thus the area outside the grain appears dark. The colour outside the 

grain is seen to become lighter (i.e., the signal of water protons outside the grain becomes 

stronger) during the first minutes of the experiments due to shortening of the T1 time of water 

protons which results from the release of the paramagnetic di oxygen molecules into water. 

1 min 2 min 4 min 8 min 

11 min 14 min 22 min 40 min 

Fig. 2. Formation and evolution of the dioxygen bubbles in the course of the hydrogen peroxide 

decomposition over Agly-AliO3: two-dimensional projections. 

The detection time of each projection is 27 s. !he time corresponding to each two-dimensional 

projection is specified in the figure. 128*128 pixels correspond to (l.2*L2) cm2• The spatial 

resolution is SR= (90*90) µm2. 

Note, thaf the dioxygen concentration appears to increase imiformly in the entire 

volume of the liquid. It means that during the time between the detection of the first and the 

second 2D images (1 min) the dioxygen molecules have enough time to travel from the grain 

surface to the ampoule wall (the distance is equal to 3.2 inm). The coefficient of the dioxygen 
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diffusion calculated from these data appear to be significantly greater than the corresponding 

reference data [9]. 

Thus, we think that the evolved dioxygen molecules are tr~sferred by a convection 

flow rather than due to diffusion. To verify this we have carried out the experiment which 

confirms the existence of a convection flow of the liquid along the catalyst grain because of 
tl - - •• 

the vigorous bubble formation on the grain surface (Fig. 3). In this figure, the spatial map of 

the flow velocities of water flowing along the catalyst grain is depicted. One can see that near 

the grain surface where the bubble formation occurs, the liquid flow is upwards while near the 

ampoule walls it moves in the opposite direction. The velocity of the convective liquid 

transfer is ca. 0.2-0.3 mrn/s. Since the height of the grain is 15 mm, during the time between 

the detection of the first and the second 2D projections a uniform concentration of dioxygen 

can be established in the entire volume of the liquid. 
-

upward 
velocity 

downward 
velocity 

Fig. 3. A typical spatial map of the flow velocities of water flowing along the cylindrical catalyst grain 

in the course of the hydrogen peroxide decomposition 

We have carried out experiments intended to establish the state of the grain in the 

course of the hydrogen peroxide decomposition. For these experiments, a composite catalyst 

grain consisted of an activated part and a non-activated part was prepared. Such composite 

grain is necessary to perform a meaningful comparison of the one-dimensional projections of 

the liquid content in the activated and the non-activated parts of tp.e grain in the course of 

hydrogen peroxide decomposition, see Fig. 4. In the NMR imaging experiments, by changing 

the resonance frequency we could reposition the selected slice so that the interleaved 

detection of the separate projections of the slices in the activated and non-activated parts of 

the grain could be performed (see Fig. 4). 
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imaging slice selection 

3.6 mm 

composite catalyst 

activated part 

non-activated 
part 

2 

3.6 mm 

400 

350 

0 

0 20 40 60 80 100 

t, min 

Fig. 4. The change of the NMR signal intensity in the center of the composite Ag/y-AhO3 

catalyst grain in the course of the 3 M H202 decomposition. 

The composite catalyst grain was initially filled with water and then placed into the 

3M H202 solution. Since the T2 relaxation .time of the H202 aqueous solution is much shorter 

than the T2 relaxation time of pure water, the signal intensity in the non-activated part of the 

grain decreases after immersing the grain into the H202 solution due to the hydrogen peroxide 

diffusion into the grain (Fig. 4, curve 1 ). An estimation of the H202 diffusion coefficient from 

this curve gives l.5· 10·5 cm2/s that is about two times lower than the self-diffusion coefficient 

of the water molecules. It is known that the diffusion coefficient in the porous medium is 

· · lower than in the bulk liquid by a factor which is equal to the ratio of the porosity and 

tortuosity of the medium (a factor of 2-3 for y-AhO3). 

One can see that the intensity of the NMR signal inside the activated part of the grain 

practically does not change during the experiment in contrast to the non-activated part of the 

· grain (Fig. 4, curve 2). It means that under the experimental conditions, hydrogen peroxide 

does not diffuse into the catalyst grain in the co~rse of the reaction and that the decomposition 

occurs only in a thin surface layer of the grain. Thus, the 1 H NMR imaging of the hydrogen 

peroxide catalytic decomposition shows that for the 0.03-3 M hydrogen peroxide 

concentrations at moderate activity of the catalysts. 
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Catalytic hydrogenation of a-methylstyrene 

The most interesting results concern the three-phase exothermic catalytic reaction of 

the a-methylstyrene (AMS) hydrogenation. For the first time we have carried out the 

experiments under conditions when the operating reactor was placed directly inside the NMR 

imaging probe. Note that the experiments were carried out for the first time at elevated 

temperatures (the gas flow temperature was 68 °C and the pellet temperature was l 85°C). 

It is known [5] that a-methylstyrene hydrogenation (boiling point 165°C) to cumene 

(boiling point 152°C) inside a porous catalyst grain can proceed in several stationary heat 

regimes: (i) when the catalyst grain is situated in the strean1 of dry hydrogen and the liquid reagent 

is supplied simultaneously, the process is characterized by a hysteresis of the grain temperature. In 

this case, the grain temperature on the upper branch of the hysteresis curve is higher than the 

temperature of the flowing gas, while on the lower branch it.is lower than the temperature of the 

flowing gas; (ii) when the catalyst grain is positioned in the stream of hydrogen gas saturated with 

a-methylstyrene vapour, and simultaneously the liquid reagent supplied, the grain in the 

stationary regime is either practically dry and strongly overheated or flooded with the liquid 

phase. In the latter case, the grain temperature is equal to the temperature of the flowing gas. 

The earlier studies of these regimes were carried out by monitoring the gram 

temperature with thermocouples [5]. For a chemical reaction accompanied by the liquid phase 

evaporation, such monitoring gives only the indirect possibility to observe the distribution of 

the liquid phase inside the porous structure. In our work, .the different regimes of the catalyst 

grain operation mentioned above were investigated to characterise experimentally the liquid 

phase distribution inside the porous particle directly in the course of the catalytic reaction. 

The experiments were carried out on an individual cylindrical catalyst grain of 

15(wt)% Pt/y-AbO3 (diameter 4.7 mm and height 4.7 mm). The catalyst has the specific 
\ . . . 

surface area of206 m2/g and the pore volume of0.65~m3/g. AMS and gaseous hydrogen was 

used without a preliminary purification. 

A scheme of the catalytic reactor which was placed directly into the NMR probe is shown 

in Fig. 5. The 2D projections of a 2 mm thick axial slice of ~e grain saturated with the liquid 

phase are obtained with the in-plane spatial resolution of 230x i40 µni2. The acquisition time of 

each image was 4 min 22· s. The time corresponding to the middle of the detection period of each 

image is indicated in Fig.6. A stream of hydrogen heated to 67-69°C and saturated with AMS was 

. supplied to the pellet at the flow rate of 18.5 cm3 Is. A thermocouple was implanted into the pellet 

through its left side and appears in the images as an area void of signal (see Fig. 6). 
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~ 4-7 mm 

0 4.7 mm 

tc 
X 

probe of NMR 
spectrometer 

liquid AMS 

• 

\ 
catalyst grain 

Fig. 5. A scheme ofNMR imaging of the AMS hydrogenation. The location of the central slice within 

the grain in which the distribution of the liquid phase in the course of the experiment was 

detected is shown. 

One can see that the pellet temperature raised 40°C above that of the gas due to the 

exothermic nature of the reaction. The grain temperature is also shown in Fig. 6. The first 

image in Fig. 6 shows the existence of the liquid phase within the pellet even though no liquid 

is supplied to the pellet at this stage, possibly due to the adsorption/condensation of AMS and 

cumene within the pores. Then, before the detection of the second image was stated, a supply 

of liquid AMS to the top of the pellet via a capillary was turned on (the flow of liquid AMS 

was 0.43xlff3 g/s). This led to the increase of the liquid content in the pellet (Fig. 6, image 2). 

•• 
109°c 

2) 6 min 33 s 

109 °C 

3) 10 min 55 s 4) 19 min 39 s 

• • 141 °C 167 °C 

148 °C .. 113 °C 100°c 64 °C 

5mm 

Fig. 6. The spatial distribution of the liquid phase inside the Pt/y-AhO3 catalyst pellet in the course of 

the AMS hydrogenation under conditi~ns of the simultaneous supply on the dry heated grain of 

the liquid AMS and hydrogen saturated with AMS vapour. See text for the details. 
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The brighter color of the image corresponds to the stronger NMR signal intensity and 

therefore to a higher liquid concentration, while the darker shade of the image corresponds to 

the weaker signal intensity and to the smaller liquid content. In the upper part of the grain to 

which liquid AMS is permanently supplied, the NMR signal intensity is much stronger than in 

the lower part of the grain. This corresponds to the higher liquid phase content in the upper 

part of the grain. The NMR signal intensity is lower in the periphery of the grain as a result of 

the evaporation process that occurs in this part of the grain. The evaporation front of the 

liquid is located inside the catalyst grain and the vapor produced reacts on the non-wetted part 

of the porous structure. This leads to a temperature increase (from 141 °C at 11 min of the 

experiment to 167°C at 20 min of the experiment). The increase of the liquid AMS supply up 

to 0.57x10-3 g/s was made during the detection of the 4th. As a result, the evaporation front 

moves deeper into the grain and the grain temperature decreases to l 13°C (image 6). In this 

regime the catalyst grain is almost completely filled with the liquid phase. A narrow front of 

evaporation and the vapor-phase reaction is located near the lower end of the grain. The front 

of the liquid phase propagation inside the grain is uneven. It is bound with the intensive 

evaporation process and hydrogenation process. The front of the liquid phase propagation 

deep into the grain in the experiment without the reaction (without hydrogen supply) is even. 

When the liquid AMS supply was increased to 0.7lx10-3 g/s the grain became 

completely filled with the liquid (image 7). The grain temperature decreased rapidly to 64 °C 

which is lower than the gas flow temperature (image 8). It is related with the absence of the 

reaction in the gas-vapor phase and endothermic evaporatio0; of the liquid phase from the 

catalyst grain surface. On the lower end of the pellets a drop of the liquid is formed. 

The other regimes of the reaction proceeding on the individual catalyst grain were also 

investigated: (i) We have obtained several images illustrating the dynamics of the liquid phase 

distribution inside the catalyst grain when dry hydrogen flow is used with the simultaneous 

supply of liquid AMS; (ii) The distribution of the liquid phase inside the catalyst grain in the 

course of the AMS hydrogenation under conditions of the decreasing of the liquid AMS 

supply to the grain initially fully saturated with liquid AMS was studied. 

Thus, the in situ NMR imaging demonstrates that impregnation of the porous catalyst 

with a liquid reagent under conditions of the simultaneous endothermic reagent evaporation 

and · its exothermic hydrogenation can lead to the formation, inside the catalyst grain, of the 

two domains with the strongly differing liquid phase content: the upper part of the grain 

completely filled with the liquid phase and the lower part of the grain which is almost dry and 

83 



OP-6 
filled with the gas-vapor phase where the vapor-phase hydrogenation occurs. The evaporation 

process occurs at the boundary between these two domains inside the grain. The location of 

the boundary depends on the liquid flow rate, thermal conductivity of the grain, and the ratio 

of the evaporation and hydrogenation rates. 

The Belousov-Zhabotinsky reaction in homogeneous and heterogeneous media 

There are only a few publications concerning the use of the NMR imaging to 

study chemical reactions, mostly the polymerisation processes and the oscillating 

Belousov-Zhabotinsky (BZ) reaction [ 10, 11). The latter reaction is the oxidation of some organic 

compounds by bromate-anions catalysed by transition metals ions. This reaction is characterised 

by the oscillations of the reactant concentrations and the generation of propagating waves due to 

an inherent coupling of the molecular diffusion and the chemical reaction. 

All reported NMR imaging investigations of the BZ reaction were performed in 

homogeneous media in the presence of agar-agar in order to prevent the distortion of chemical 

waves by convective flow of the liquid solvent. We have studied the BZ reaction in a 

homogeneous medium modified with starch. The oscillations of the homogeneous catalyst 

(Mn2l concentration were recorded as changes in the water protons relaxation times because the 

oxidised and reduced states of the manganese cations have different influence on these times. 

c(z) 
;,/Mi 

~ = 
e-= ·-e s 

Fig. 7. Displacement-time graphs in the starch solution of the following starting composition: 

[KBr03] = 0.05 M, [KBr] = 0.06 M, [MA] = 0.15 M, [MnS04] = 0.0006 M, [H2S04] = 0.2 M, 

[H3P04] = 3.0 M, 0.7 wt% starch. 

Fig. 7 shows the propagation of the concentration waves iri the homogeneous reaction 

medium stabilised by starch. The figure shows the one~dimensional projections of the signal 

intensity on the vertical axis of a 4.7 mm glass ampoule filled with the reaction medium. The 

space resolution of the image patterns in these projections was 320 µm. The acquisition time 

of each projection was 3.2 s. The signal intensity in each pixel of the image depends on the 

concentrations of Mn2+ and Mn3+ ions. It is known that the Mn2+ ions affect the T I relaxation 

time of water protons much stronger than the Mn3+ ions. Since we carried out the experiment 
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in such a way that the contrast of the images was governed by the TI time, the brighter shade 

in the image corresponds to a higher Mn2+ concentration while the darker shade corresponds 

to the higher Mn3+ concentration. It is obvious that the waves ·are emitted periodically by at 

least several pacemakers. Each pacemaker emits a spherical wave, and we see in Fig. 7 two 

branches of the wave, that are the projections of the upper and lower boundaries of a spherical 

wave. The downward moving front of the wave that was emitted by one of the pacemakers 

collides and annihilates with another upwards travelling wave emitted by another pacemaker. 

The plane in which the pacemaker is located as well as the plane in which the wave trains 

collide and annihilate move down with time. 

We studied also the behaviour of the propagating waves inside model porous media 

consisted of small glass beads of 0.5 and 3 mm in diameter and filled with an aqueous 

solution. In such system, we also observed formation of spherical propagating waves. ' The 

velocity of the waves practically does not depend on the size of the beads and remains 

practically constant in comparison with the homogeneous reaction media stabilised by starch: 

Indeed the velocity v of the wave front in a reaction diffusion system is proportional to 

(k· D / 12 [ 11], where k is the rate constant of the rate-determining step in an autocatalytic 

sequence and D is the diffusion coefficient of the autocatalytic species. It is known that in 

heterogeneous system D depends on the ratio· of porosity and tortuosity of the grains, this ratio being 

only weakly dependent on the size of the beads. Also, one can assume that D in heterogeneous 

systems consisting of the beads is close to that in the homogeneous media stabilized by starch. Thus, 

the replacement of the starch stabilized homogeneous medium by the heterogeneous system 

consisting of small beads influence the behavior of the system only slightly. 

Conclusion 

The above results demonstrate the first application of the I H NMR imaging to the in 

situ investigation of model heterogeneous catalytic reactions. The NMR imaging investigation 

was carried out for different systems and demonstrates its productivity. 
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For several environmental reasons the Fischer-Tropsch synthesis has regained world-wide 

attention. In the Fischer-Tropsch process transportation fuels are produced from CO and 

H2, known as synthesis gas, and therefore provides a means to produce transportation 

fuels with very low concentrations of hetero-atoms like sulphur, nitrogen and heavy 

metals. The Fischer-Tropsch synthesis forms an integral part of the Gas-Io-Liquids (GTL) 

process, which is currently receiving serious attention as a way of exploiting remote gas fields 

and/or associated gas at crude oil production fields, i.e. gas that is currently being flared. The 

Fischer-Tropsch process (i.e. coal based) has been applied commercially for several decades, 

using precipitated and fused Fe catalysts. However, the lifetime of the Fe catalysts is limited and 

the disposal of the catalysts causes environmental pollution. To overcome these problems, cobalt 

has received widespread attention [1-3] as preferred catalyst in the GTL process. Metallic cobalt is 

the active catalytic phase. During Fischer-Tropsch synthesis, supported cobalt · catalysts may 

deactivate due to oxidation of the metallic cobalt. The oxidation of cobalt has been studied in the 

literature [ 4], but the analytical techniques used were always ex-situ. As the validity of these 

analytical tools can be questioned, there is still a need for a feasible in-situ technique that can 

determine the extent of oxidation under realistic Fischer-Tropsch conditions. 

Mossbauer Emission Spectroscopy (MES) is one of the few techniques that can be considered 

for in-situ characterisation studies of supported cobalt based Fischer-Tropsch catalysts. fu this 

study it is shown that MES can be used for in-situ analysis during model experiments at 

atmospheric pressure and low water partial pressures. For the characterisation under real industrial 

conditions by means of MES ( catalyst contains radioactive 57 Co) a reactor has been designed that 

enables long-term (deactivation) studies at pressures up to 20 bar and at temperatures up 

to 773 K. The design of this reactor and preliminary results will be presented. 
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Catalysis, Vol. 199 (1998) 961-966. 
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Kohle 117:3 (2001) 138-142. 

[4] D. Schanke, A.M. Hilmen, E. Bergene, K. Kinmari, E. Rutter, E. Adanes, and A. 

Holmen, Catal. Lett. Vol. 34 (1995) 26. 
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MECHANISMS OF CHEMISORPTION OF GASES ON METALS: MODERN TRENDS 

A.N. Salanov and A.I. Titkov 

Boreskov Institute of Catalysis SB RAS, Prospekt Akademika lavrentieva 5, Novosibirsk 630090, Russia 

Various ordered adsorption structures are developed during chemisorption of gases on 

single crystal surfaces at relatively low temperatures of solid surf aces (~500-700 K), when 

diffusion of chemisorbed species through the surface is limited considerably. Ordered 

adsorption structures are formed.du~ to the distinct surface structure . and to the balance 

b~tween the energies of the ads~r~~tei~urface boncls and the energy of interaction between 

chfmisorbed species. Structural traqpformations in adsorbed layers haye a significant effect 

on , chemisorption and catalytic re,actions, therefore the mechanisms of formation and 

evolution of adsorption structures are of particular interest. At the limited surface diffusion of 

chemisorbed species, during chemisorption, the formation of · adsorption structures usually 

proceeds according to the island scenario. At the beginning of the chemisorption adsorption 

islands are nucleated, grow gradually and merge into a continuous layer. Islands with a more 

dense structure are nucleated within this layer; they also grow, merge and form another . 

continupus adsorption layer with a more dense structure. The studies of 0 2 chemisorption on 

Pd(lOO), Rh(lOO) and, ~, Ni(lOO) by LEED revealed the nucleation and growth of p(2x2) 

adsorption islands with an ideal coverage of 0.25 monolayers (ML) during dissociative 

oxygen chemisorption on (100) surface at 0~0.25 and at 100 Kg::;400 K. The islands 

gradually grow and merge into a_ saturated p(2x2) layer at 02 exposures of about 1 L. At 

020.25 c(2x2) adsorption islands with an ideal coverage of 0.5 ML are nucleated in the p(2x2) 

adsorption layer, then, at 020.4, they grow gradually and merge into a saturated layer. It is 

usually accepted that adsorption islands are formed due to lateral attraction between 

chemisorbed species. However, since the attraction between chemisorbed species are much 

weaker than the repulsion, it is assumed that the formation of adsorption islands is driven not 

by attraction between the chemisorbed species but by cheP1isorption via different adsorption 

pathways. Numerous adsorption data iµdicate that direct, and indirect adsorption pathways are 
. . . . ! ~ ' •. ,.. ' . t ... 

the basic mechanisms of chemisorption of gases on metals. The former implies that molecules 

chemisorb immediately after collision·w:ith the surfac'e, stirmounting a considerable activation 

barrier (direct adsorption pathway), while the latter means that molecules collide with the · 

surface, are trapped into a precursor, migrate over the surface and, finally, chemisorb 
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practically without activation barrier (precursor-mediated . adsorption pathway). The 

nucleation, growth and merging of (lxl) adsorption islands during chemisorption on (100) 
. . . ' . 

surface were described taking into account that the direct adsorption pathway results in the 

nucleation of adsorption islands and the indirect one includes capture of molecules into a 

precursor, their diffusion over chemisorbed particles and chemisorption at the edge of the 

adsorption island. The nucleation, growth and merging of the p(2x2) adsorption islands at 

0 < 0.25 and of the c(2x2) islands at 0.25 < 0 < 0.5 during dissociative chemisorption of 

oxygen on a metal surface with a square lattice of adsorption sites was explained in terms of 

this adsorption model involving repulsive lateral interactions between particles chemisorbed 

on the adjacent next-nearest neighbor adsorption sites (2NN). The ratio of activation energies 

of the direct to indirect adsorption pathways (EdilEindir) determines the character of structural 

transformations in the adsorption layer which, in its turn, accounts for the dependencies of the 

sticking probability (S) on the surface coverage (0). 

The present study is devoted to the investigation of the influence of the direct and 

indirect adsorption pathways on the dynamics of formation and growth of the p(2x2) and 

c(2x2) adsorption structures on the (100) metal surface .during 02 chemisorption at 300 K. 

With this purpose, dissociative chemisorption of 0 2 on the surface with a square lattice of 
j .. , 

ad~orption sites was simulated by the Monte Carlo method using the model involving the 

direct and indirect adsorption pathways, lateral interactions in the adsorption layer and 

immobility of chemisorbed atoms. 
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CO2 AND BIOSILTS TO MOTOR FUELS AS A METHOD OF 

ENVIRONMENTALLY DANGEROUS WASTES UTILIZATION 

V.M.Mysov,K.G.Ione 
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The development of civilization is inseparably connected with the increase of energy 

consumption. Nowadays the main part of energy is produced through incineration of organic 

fuel - natural gas, coal, and black oil. The fuel combustion products, CO2 and H2O, together 

with deleterious admixtures ( dust, chemical compounds) are therefore discharged into 

atmosphere. It is only in the last decade of the 20th century that the ecological problems 

impelled the world community to intensify activity in order to decrease CO2 emission. In May 

1992 in Rio de Janeiro, 143 countries ratified an agreement on supervision upon the global 

warming and on decreasing CO2 emission into atmosphere [1]. The consequent conferences 

held in 1994 and 1997 in Japan supported the Agreement with a special protocol which 

legitimated the international sanctions against increased rates of CO2 emission into 

atmosphere. 

There are several methods to reduce the growth of CO2 content in atmosphere: 

1) To retard deforestation and to plant vegetation highly effective in CO2 absorption; 

2) To reduce the world production of thermal energy and to increase the portion of alternative 

energy resources: atomic, solar, and hydro-electric energy; 

3) To extract carbon dioxide from the exhaust gases and to dispose it in ocean depths and in 

geological cavities; 

4) To convert CO2 chemically into useful products. 

All the methods above are practicable, but the way of involving CO2 into chemical 

conversion seems to be most attractive. There is a great number of known chemical reactions, 

both catalytic and non-catalytic, which bound CO2 chemically into various products. Among 

them, the processes of carbon dioxide reduction seem to be most advantageous for CO2 

utilization [l]. 

An effective reducing agent for carbon dioxide is hydrogen. The following processes 

can be used for its industrial production: 
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1) Vapour conversion ofmetharle CH4+:H2O =:co +3H2, 

2) Water electrolysis 2H2O = 2H2+ 02, 

3) Pyrolysis of methane C"4 = C + 2H2. 

All these methods of hydrogen production require high power expenditure - from 1 

(processes 1 and 3) to 3 (process 2) kw· h per 1 m3 of hydrogen produced [2-4]. The process of 

water electrolysis user in the case of pure products production, namely hydrogen and oxygen. 

Vapour conversion of methane is considered to be the cheapest way of large-scale production 

of industrial hydrogen. , The process of methane pyrolysis has the best theoretical background 

for hydrogen production with minimal CO2 emission .. 

The products of hydrogen reduction of CO2 may be methanol, dimethyl ether (DME), 

methane, light hydrocarbons, or liquid motor · fuels. The reactions of obtaining these 

substances from CO2 and H2 are as follows: 

CO2+ 3H2 = CH3OH + H2O, ~H = -49.4 kJ/mole (1) 

2CO2 + 6H2 = CH3OCH3 + 3H2O, MI= -112.2 kJ/mole (2) 

CO2 + 3H2 = [-CH2-] + 2H2O, ~H = -94.1 kJ/mole (3) 

All the reactions are exothermal and besides, one to two water molecules accompany 

each one carbon atom in the desired product molecule (CH3OH, CH3OCH3 or motor fuel 

fragment [-CH2-]), so the major part of the expensive reagent, hydrogen, proves to be just 

spent for the production of water. On the other hand, the thermodynamic calculations show 

that generation of water, which is a high-stable compound, facilitates deep proceeding of 

CO2-reducing reactions. The most thermodynamically advantageous reactions of CO2+H2 

mixture conversion are the reactions of hydrocarbons synthesis. 

Many publications are devoted to the process of COi hydrogenation over Ni, Fe, Co, Rh, 

Ru-catalysts into hydrocarbons-[5-10], aliphatic alcohols and hydrocarbons [ll], Ci-C20 olefins 

[12-16]. In [5], the mixture of80% H2 and 20% COz was converted over catalysts Co/SiOz, Ru/SiOz, 

Ni/SiOz and Fe/SiOz at:temperatures 180-280°C and pressures l-11 atm. The main products of the 

mixture conversion were C"4 (12.9-99.8% mol.) and CO (10.7-83.2% mol.), the conversion ofCOi . . . 
being 6-11 %. Over the rhodium catalysts, a high selectivity of C"4 (35-37% mol.) ,and CO 

formation (16-42% mol.) was also observed [11]. In this investigation, .the mixture COi:H2 = 1 :2 

was converted into alcohols, mainly into methanol(19-40% mol.), under 260°C and 50 atm. A 

high selectivity of light olefins formation was reported in [12], the catalyst composition 40% 

(FesCz/2% K)+60% amorphous carbon being used. This investigation showed that reducing 
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the molar ratio H2/CO2 from 7.0 to 1.7 increased the content of olefins in C2-C4 hydrocarbons 

from 80 to 99%, decreased the selectivity towards CH4 from 16.5 to 4.2%, and decreased the 

conversion of CO2 from 37 to 13% . 

. In publications [14, 17, 18], the stability of Fe-containing catalysts in CO2 

hydrogenation and possibility of regeneration of their activity were studied in detail. 

Fe-Cu-K-Al-catalysts showed a high stability in CO2:H2 = 1 :3 mixture long-run conversion 

under 10 atm. and 300°C [14]. During over 1500 hours the CO2 conversion degree remained 

40-41 %. The composition of the hydrocarbons produced also remained practically constant 

throughout the period. It was only after having been in operation for 1536 hours that the 

catalyst began to lose gradually its activity. After 2005 hours of operation, the CO2 

conversion degree diminished to 36.8%. The consequent redox treatment of the catalyst didn't 

succeed in restoring its initial activity. 

After the unique acid and structural properties of high-siliceous zeolites of ZSM-5 

type had been discovered, the bifunctional systems were developed composed of a component 

active , in synthesis of hydrocarbons and/or oxygen-containing products (particularly, 

methanol) from synthesis-gas and of a high-siliceous zeolite catalysing the reactions of 

dehydration, oligomerization, isomei:ization, and aromatization of the intermediates [19-22]. 

The bifunctional catalysts of hydrocarbons synthesis were used both in the reactions of CO 

hydrogenation [23-39] and of CO2 hydrogenation [40-58]. 

In [38,39], transformations of CO+CO2+H2 mixtures are studied in the presence of the 

Co-MgO-ZSM-5 catalyst under atmospheric pressure in the temperature range 150-250°C. It 

is shown that the gaseous hydrocarbons synthesis can involve CO, CO2 and hydrogen while 

the · liquid hydrocarbons can be produced only through CO and H2 interaction. Introducing 

CO2 into the mixture CO/H2 (1/2) considerably decreases the yield of hydrocarbons. It would 

also • change the composition of the liquid hydrocarbons produced, namely, increase the 

content of iso-paraffins and decrease the chain length of the hydrocarbons. 

A process is developed for production of liquid hydrocarbons from the products of 

vegetative biomass gasification - gaseous mixtt~res of CO, CO2, Hz and N2 [59-65] . . Even · 

with the 50% content of nitrogen in the producer gas, under 1 at:rri. :and 2l0°C and in the 

presence of bifunctional catalyst 32% Co-3% MgO-ZSM-5, liquid hydrocarbons were 

produced with selectivity 60% [59]. As the pressure was increased to 10 atm., the content of 

n-paraffins in the reaction products grew from 69 to 87% [65]. 
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Under certain condition, a strong dilution of the CO2+H2 mixture facilitates formation 

of light paraffins and olefins over bifunctional catalysts [ 43,54]. Thus, ethylene was produced 

from CO2/Hi/Ar= 3/6/91 mixture over Fe3(CO)12/ZSM-5 catalyst at temperature 260°C and 

pressure 1 atm. with selectivity 91.7 mol.%. The degree of CO2 conversion was 18.5% [43]. 

Considerable changes in the selectivity of CO2+H2 conversion over bifunctional 

catalysts 17% Fe/HY (LiY, NaY, KY, RbY) were reported in [55]. Hydrogenation of CO2 

(H2/CO2=3) was carried out under flow conditions at 10 atm. and 300°C. The subsequent 

substitution of the acid carrier of the catalyst, HY, for each member of the series: LiY, NaY, 

KY, RbY gradually decreases methane content in the produced hydrocarbons from 72.56 to 

9.54% and increases selectivity towards the Cs+ hydrocarbons from 1.49 to 54.39%. 

In many investigations, bifunctional catalysts composed of a metal-oxide catalyst of 

methanol synthesis and an acid component, for instance, mechanical mixtures of Cu­

containing catalysts of methanol synthesis and HZSM-5 [42,47], HY [40,41], de-aluminised 

HY [44], SAPO-5, 44 [47], or ferrosilicate [58] were used in the process of CO2 

hydrogenation. The pressure range of the process was 14-50 atm. and the temperature range 

was 220-400°C. The main products of the synthesis were found to be C1-C3 paraffins [42,58], 

C2-Cs paraffins [44] or propane-butane fraction [47]. Aromatic hydrocarbons either were 

absent in the reaction products or comprised less than 1 % of the hydrocarbons sum. To 

intensify the synthesis of hydrocarbons, small quantities of ethylene · were added to the 

synthesis-gas [ 47], which increased the yield of C3-C4 hydrocarbons and especially of Cs 

hydrocarbons. In order to obtain Cs+ hydrocarbons, the attempts were made to use 

bifunctional catalysts including Cu, Zn, Cr oxides and HY zeolites · at a high temperature 

( 400°C) and pressure 50 atm. but the maximal achieved selectivity towards Cs+ hydrocarbons 

wouldn't exceed 25% mol. [40]. The main results of CO2 and CO hydrogenation over various 

Cu, Zn, Cr, Pd, Zr/ H+ bifunctional catalysts are shown in the Table 1. 

It is due to substituting Cu, Zn,Cr oxides for a mixture of Cs-Cu-Zn chromates that the 

authors of [56,57] managed to considerably increase (up to 49% mol.) the selectivity towards Cs+ 

hydrocarbons. It was reported that, while the maximal methanol yield over Cu-Zn-chromates was 

achieved at 300°C, the maximal yield of hydrocarbons over Cu-Zn-chromate/HY catalysts was, 

none the less, achieved at the temperature 400°C. The authors of the above works concluded 

that for obtaining the gasoline fraction hydrocarbons from CO2 and H2, a relatively high 

temperature (over 300°C) was required as well as an active metal-oxide component with a 
.,, 

lower hydrogenating activity and a highly-active coking-resistant zeolite. 
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Table 1:co~ H2 and 'CO2 + H2 con~ersion t~"hydrocarbons'over Cu, Zn, Cr, Pd, Zr/ Ir bifunctional catalysts -. 

Catalyst Cu-Cr- . 
.. 

Cu-Cr-Zn/ · Cu-Cr- Cu-Cr-Zn/ Cu-Cr-Zn/ Cu-Cr-Zn- Zn-Cr/ Pd/SiO2 Cu-Zn-Zr/ + 
Zn/Ali{>3 H-ZSM-5 Zn/AhO3 H-ZSM-5 . H-ZSM-5 Pd-Na/ Amorph. H-Y H-Fe-

·.• H-ZSM-5 SiOi-AlzO3 silicate , . .. 

Hz/CO 2 2 - - - - 2 2 -
Hi/CO2 - - 2.7 2.7 2.7 2.7 - - 3 
Pres·sure, atm. · 20 20 20 20 50 50 11 20 28 
Temperature, °C 290 290 320 320 320 320 390 357 400 
SV, h· 1 6000 6000 6000 6000 6000 6000 
W/F, g-cat· h/mol. 340 9 20 
Hydrocarbons 
distribution, % mass 
Aliphatics 
C1 . 44.4 2.3 85.3 67.9 61.4 28.2 24.0 5.3 64.0 
C2 · 24.0 15.2 11.1 25.5 35.3 . 31.9 20.4 23.1 30.8 
C3 17.3 32.6 3.2 4.9 2.5 17.4 17.3 34.9 5.2 
C4 13.4 25.4 0.3 1.3 0.4 10.3 22.8 25.8 0 

C.5+ 0.9 24.0 0 0.4 0.4 12.2 13.0 10.9 0 
Aromatics 0 0.3 0 0 0 0 2.5 0 0 
References [102) [102] [102] [102] [102] [102] [116] [117] [118] 
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. We have studied the conversion of CO,. CO2 and' H2 mixtures to motor fuels (DME, 

gasoline and diesel fractions) over different bifunctional catalysts [66-74]. The oxides of Zn, 

Cr, Fe, Co, Ru, La combined with acid components were used as bifunctional catalysts. The 

influences of the catalysts composition, the type of the metal oxides (Zn, Cr, Fe, Co, Ru,·La et~), 

the type of the acid component (ZSM-5, Beta, SAPO-5, mordenite etc.), mass ratio of the .metal 

oxides to the acid component, pressure (from 5 to 80 atm.), temperature (210-420°C), · 
I • • 

':' 

(H2-CO2)/(Co+CO2) ratio (0.5-10), duration of the test run (up to 1000 h) on the activity and . 

selectivity of the bifunctional catalysts were studied. 

Active catalysts and various technological versions were developed allowing CO+CO2 · 

conversion into DME, DME + CH3OH, high-octane gasoline, diesel fraction or valuable alkyl 

aromatic products. By optimization of the catalysts composition and of the technological 

implementation of the process, we achieved high values of the yield and productivity towards 

the desired products. Utilization of carbon in CO and CO2 was 70 to 95%, depending on the 

composition of the liquid organic products obtained. The quality of the produced gasoline 

fractions was high due to the low content of benzene and of 1,2,4,5-tetramethylbenzene in 

them. The diesel fractions contained C13_-Ci8 iso-paraffins (50-60% mass) and the content of 

the aromatic hydrocarbons was less 1 % mass. Using bifunctional catalysts with active acid 

components of a specially fitted structure allowed a considerable depression of formation of 

high-molecular compounds which are produced over the traditional Fischer-Tropsch catalysts. 

The C1-C20 hydrocarbons composition with respect to the carbon atom number had 

considerable differences against Schultz-Flory distribution typical for Fischer-Tropsch 

products. These differences are caused by the proceeding of some reactions on the acid 

component of the bifunctional catalysts - reactions of hydrogen redistribution, 

oligomerization, isomerization, alkylation of aromatics. 

We have performed syntheses of the gasoline fraction hydrocarbons with a high 

aromatics content (from 20 to 80% mass) both from CO2 and H2 mixtures and from synthesis­

gas with various percentage of CO2 additives [72]. The syntheses were carried out in the 

presence of Zn-C~/HZSM-5 catalysts at temperatures 340-420°C and pressures 40-80 atm. 
, . 

Using bifunctional catalysts composed of a metal-oxide component~with a low hydrogenating 

activity (Zn and Cr oxides) and a HZSM-5 zeolite selective towards gasoline fraction 

formation resulted in the production of liquid hydrocarbons consisting mainly of the 

aromatics and isomerised C5-C10 paraffins. The mean selectivity towards the gasoline fraction 

comprised about 74% mass. The degree of CO2 conversion exceeded 87% while the methane 

content in the hydrocarbon products was from 2 to 7% [72]. 
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Table 2. Dependence of Cs+ productivity (g/L cat/h) upon pressure and temperature for CO2 

hydrogenation (Hz/CO2 = 3) o~er Zn-Cr/ZSM-5 catalyst 

!Pressure, atm ~o 60 80 
rremperature, °C 

320 not measured 11 

340 11 14 18 

B60 12 24 ~l 

380 15 38 ~7 

~00 124 ~6 ~7 

Table 3. Dependence of the selectivity upon pressure and temperature for CO2 hydrogenation (Hz/CO:z = 3) 

over Zn-Cr/ZSM-5 catalyst 

Reactant CO2+H2 CO+H2 
Temperature, °C 340 340 400 400 400 
Pressure, atm. 40 80 ! , 40 80 80 
HC distribution, % mass: 
C1 2.2 4.2 6.9 4.5 4.1 
C2 1.6 3.3 3.0 2.1 3.4 
C3 28.6 13.7 10.0 13.9 5.3 
i-C4 6.8 2.7 7.5 3.1 9.0 
n-C4 _ 0.5 0.7 1.3 0.8 2.0 

Cs+ 60.4 75.4 71.3 75.6 76.2 
C5+ distribution, % mass: 
Aromatics 62.8 65.6 41.0 44.6 28.1 
n-Cs+ 0.1 0.2 0.2 0.9 3.3 
Other Cs+ 37.1 34.2 58.8 54.5 68.6 

The Tables 2 and 3 show the influence of the reaction pressure (from 40 to 80 atm.) 

and temperature (320-400°C) on productivity and selectivity of Zn-Cr/HZSM-5 catalyst 

towards Cs+ hydrocarbons in the reaction of CO2 hydrogenation. It can be seen that in the 

studied range, productivity and selectivity towards Cs+ hydrocarbons grow as the reaction 

press~re and temperature increase. Comparing the processes of conversion of gaseous 

mixtures CO2+H2, CO+H2 and CO+cO2+H2 of various composition (see Tables 2-4) we can 

conclude that replacin~ CO by CO2 in the initial gas decreases the bifunctional Zn-Cr/HZSM-5 

catalyst activity in hydrocarbons synthesis but facilitates formation of the liquid gasoline­

fraction hydrocarbons with a high aromatics content and low n-paraffins content (less than 

1 % mass). The produced gasoline fractions have a high octane number (above 93 RON) and 

contain practically no benzene (less than 0.5% mass). 
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Table 4. Co+cO2 hydrogenation over Zn-Cr/ZSM-5 catalyst depending upon CO/CO2 ratio, P = 80 atm, 

T = 400°C, Hz/CO= 2.8-2.9 

CO/CO2 mol. ratio 98.9 3.7 1.6 0.7 

V inlet, h-l 1200 1000 600 300 

Conversion, %: 

co 96 90 78 28 

CO2 90 81 80 52 

Productivity, g/L cat/h 167 125 67 15 

Mol. wt of the liquid HC 91 100 104 111 

Thus, the results of the above investigations prove the possibility of bifunctiona] 

catalysis application in the conversion of CO2-containing gases into valuable chemical 

products. We have developed bifunctional catalysts that allow more than 70% utilization of 

carboni11 t02 under the optimal reaction conditions by its conversion into liquid motor fuel. 

Nowadays the techniques for wastes utilization, particularly for utilization of the 

biological wastes of megalopolises, are of great importance for the human civilization. 

At present, it is a usual situation for a large city when above 1-10 million tons of 

domestic silt sediments (DSS) of 75-85% moisture has been accumulated in the city sewage 

tanks and 40-50 thousand tons ofDSS keeps being added annually. 

There are known methods for utilization of these silt sediments via drying them up and 

then either incineration of the dry residue or using it, after disinfection, as a fertilizer. The 

processes are power-consuming and unprofitable. 

An alternative method for DSS processing is presented in this report. The final product 

of the process is high-octane gasoline. 

The proposed scheme ofDSS conversion is the following: . 

DSS Heat and power 
~ 

(m01sture t:i-85%) generator 
~ 

Stage I ~ .. 1• Stage II 

Thermal conversion, 
~ Reactor unit Fuel 

compression 
.. gas 

i -·. 
Water 

1. ' 

Gasoline of RON= 92-95 

The installation process 80%-moisture DSS of the incoming wastes and of the wastes 
' :.. ,_ 

having been already accumulated in the sewage tanks into motor fuels, The proposed capacity of the 
' 

installation with respect to DSS feedstock would comprise about 180-200 thousand ton per year. 
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The composition of the gasoline obtained(% wt.) and the catalyst characteristics.are as follows: 

iso-paraffins 

olefins 

n-paraffins 

aromatics 

benzene 

catalyst productivity 

catalyst lifetime 
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NEW BIS-(ARYLIMINO)PYRIDYL AND BIS-(ARYLIMINO)ACENAPHTHYL 

COMPLEXES AS COMPONENTS OF CATALYST SYSTEMS FOR ETHYLENE 

POLYMERIZATION 

S.S.Ivanchev, G.A.Tolstikov, V.K.Badaev, 1.1.Oleinik, N.I.Ivancheva, 

D.G.Rogozin, I.V.Oleinik, M.V.Tikbonov 

St-PetersburgDepartment of the Boreskovinstitute of Catalysis 

of the Siberian Branch of the Russian Academy of Sciences 

14, prospect Dobrolubova, 197198, St-Petersburg, Russia 

Phone +7 812 238-08-90, Fax +7 812 233-00-02, E-mail: ivanchev@SM2270.spb.edu 

In order to enhance the potential of polymerization catalysts based on bis-imines and bis­

(imino )pyridines new compounds of these classes with cycloaliphatic substituents in · the ortho­

position of the aryl ring were synthesized. Iron halide bis-(arylimino)pyridyl and nickel bromide 

1,2-bis(arylimino)acenaphthyl complexes obtained therefrom and activated with 

methylaluminoxane (MAO) are studied as ethylene polymerization catalysts. The kinetics of 

ethylene polymerization performed using all of the considered complexes is shown to feature 

with a non-steady behavior with the polymerization rate initially increasing and reaching the 

maximum in 10-30 min since the process onset and subsequently decreasing. The maximum 

rate value depends on • the temperature as well as on the type and position of substituents in 

the aryl ring. A certain combination of substituents in the ortho-position of the aryl ring is 

found to afford carrying out the reaction with high rates at temperatures applicable for 

commercial processes (70-80°C) and yielding high-molecular products. 

The application of bis( arylimino )pyridines results in high density (964-967 kg/m3) 

polyethylenes with a small methyl group content in the macromolecules (2.5-5.0 CH3 

groups I 1000 C). 

In the case of using nickel bromide 1,~-bis(arylimino)acenaphthyl complexes as a 

catalyst component the variation of aryl ring substituents or polymerization temperature 
. . 

allows the control over the amount of methyl groups in the side chain of the resulting polymer 

in a wide range (up to 70 CH3 groups/ 1000 C). 

The synthesized complexes provide catalysts with increased polymerization activity 

compared to the previously described counterparts. 
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ACCESSIBILITY OF THE IRON SPECIES IN OVEREXCHANGED Fe/ZSMS 

PREPARED BY CHEMICAL VAPOR DEPOSITION OF FeCIJ ' 

J.H. Bitter, A.A. Battiston, S. van Donk, K.P. de Jong and D.C. Koningsberger 

Utrecht University, Department of Inorganic Chemistry, Utrecht, The Netherlands 

Fe/ZSM5 possesses unique catalytic activity in HC-SCR (HydroCarbon Selective Catalytic 

Reduction) and phenol synthesis. It is believed that the presence of binuclear iron clusters in 

these materials is the reason for this behavior. These binuclear clusters have sizes comparable 

to the size of the zeolite channel. This might invoke difficulties for reactants to reach all the 

active sites with a sufficiently high rate. In order to investigate the availability of the zeolite 

Table 1. Some properties of the catalysts used in this study 

Sample Si/Al Fe/Al Calcination V micro (ml/g) Relative 
activity 

HZSM5 17 - - 0.15 -
Fe/ZSMS-mc 17 1 Mild 0.12 1.00 
Fe/ZSM5-sc 17 1 Severe 0.13 0.98 

channels with binuclear iron species present, we measured the uptake of the probe molecule 

· · n-hexane using a tapered element oscillating microbalance (TEOM). 

For this study we have used three samples for which some of the properties are compiled in 

Table 1. A thorough characterization of the Fe containing samples with EXAFS and 

STEM/EELS revealed that the number of binuclear iron species is significantly lower in the 

Fe/ZSM5-sc sample compared to the Fe/ZSM5-mc sample. Nevertheless the activity of both 

samples in HC-SCR is similar (Table 1). This points to a similar number of accessible sites in 

both materials. In order to check the accessibility of the zeolite channels for the reactants we 

determined the uptake of the probe molecule n-hexane with a TEOM. For HZSM5 the uptake 

stabilizes quickly at a value of 0.03g/&atalyst• The uptake of the Fe-containing samples is lower 

(Figure 1) but it does not stabilize during the experiment. 

For the latter.two regions of uptake can be distinguished. During short times on stream (TOS) the 

uptake is fast, visible as a steep slope of the uptake curve, while at longer TOS (> 150 s) the 

slope decreases i.e., the rate of uptake is dramatically lowered. This indicates that for the Fe­

samples part of the space in the zeolite is quickly accessible while another part is more 

difficult to access for n-hexane. Nevertheless the micropore volume, determined by N2 
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physisorption, of .all samples is similar (table 1 ), This in .combination with. the continuous 

slow uptake shows that the. micropor~ volume is only slightly decreased by incorporating Fe · 

in the sample but that part of the micropores are more difficult to access after iron 

incorporation. The latter being more pronounced for the mild calcined sample. , 
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Figure 1. Uptake by different (Fe)/ZSM5 samples. T=523 K 

There fore, it is concluded that for both Fe containing samples all HC-SCR catalysis takes 

place at the first complexes encountered by the reactants entering the micropores leaving part 

of the complexes unused. But for the severe calcined sample these complexes are located 

deeper inside the zeolite channel explaining the higher final uptake of this sample (Figure 2). 

binuclear iron 
cluster 

Fe/ZSM5-mc 

active site 
space 

binuclear iron 

Fe/ZSM5-sc 

active site 

slowly accessible 
space 

Figure 2. Micropore acfessibility after mild and severe calcination 
,j 
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OXIDATION OF BENZENE TO PHENOL BY NITROUS OXIDE. ACTIVITY OF 

IRON IN ZEOLITE MA TRICES OF VARIOUS COMPOSITION 

L.V. Pirutko, V.S. Chernyavsky, A.K. Uriarte*, G.I. Panov 

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia 
*Solutia Inc.,P.O. Box 97, Gonzales, FL 32560-0097, USA 

The catalytic properties of Fe introduced in pentasil zeolite matrices of various chemical 

co~positions (B-ZSM-5, Al-ZSM-5, Ga-ZSM-5, Ti-ZSM-5) have been studied. All the 

matrices were shown to be inert in the title reaction. However, upon iron ' introduction they 

may serve as a basis for the development of very active and selective catalysts. The amount of 

iron needed for this purpose depends dramatically on the matrix composition. For example, while 

Al-ZSM-5 and Ga-ZSM-5 zeolites exhibit high activity even in the presence of0.01-0.03 wt% Fe, 

B-ZSM-5 and Ti-ZSM-5 zeolites need a 10-100 times more Fe. 

The distinctions in zeolite activity relate to the fact that the formation of Fe-containing a-sites, 

catalyzing the reaction, strongly depends on the Bronsted acidity and proceeds with different 

efficiency in various matrices, indicating charge compensating position to he a locus of active 

iron species. But being formed, a-sites in their catalytic performance have only slight 

dependence on the matrix composition. Activity of B-ZSM-5, Al-ZSM-5, and Ti-ZSM-5 

zeolites is described by a common dependence on a-site concentration, which reveals their 

identity in these matrices. In Ga-ZSM-5 matrix, a-sites exhibit a 2-3 times higher activity. 

The role of Fe admixtures in the literature disagreement on the. nature of zeolite catalytic 

activity is discussed. 
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DIRECT HYDROXYLATION OF PHENOL TO DEHYDROXYBENZENES 

WITHN20 

V.I. Sobolev, D.P. Ivanov, G.I. Panov . 

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia 
Pr. Akad. Lavrentieva, 5, Fax +7 383 2 34 30 56 

Dihydroxybenzenes (DHB) are among the most important fine chemicals. . Existing 

methods of their production are complex and not efficient. Therefore, oxidation of phenol by 

nitrous oxide seems to be a very promising new way: 

C6HsOH + N2O --> C6H4(OH)2 + N2 (1) 

Oxidation of aromatics by N2O was suggested to perform under large excess of the 

substance to be oxidized [1]. Due to high heat capacity of the aromatic compound, its excess 

decreases heating of the reaction mixture and provides better selectivity and stability. This 

approach proved to be. very useful for the benzene oxidation to phenol. However, in case of 

phenol oxidation this approach has some drawbacks. Phenol is a solid up to 42°C. It has high 

boiling temperature and big evaporation heat. If we add high viscosity of phenol vapor, it 

becomes clear that conducting reaction (1) in a large phenol excess may cause substantial 

complications of the process. 

There is a new idea to overcome these difficulties, i.e. to add benzene to the reaction 

mixture as a component increasing its heat capacity. In this case, along with reaction (1) 

oxidation of benzene should also occur: 

C6H6 + N2O --> C6HsOH + N2 (2) 

In the present work we study the oxidation of phenol to DHB over ZSM-5 zeolite 

depending on the benzene:phenol ratio in the reaction mixture. Experiments were carried out 

with a flow setup providing full on-line GC analysis of the reaction mixture. The basic 

mixture had the following composition: 50% C~6, 5% N2O, He balance. To study the effect 

of phenol, the latter was added to the mixture at various concentrations, from zero to 6.7 mol¾. It 

was shown that increasing phenol concentration· resulted in a remarkable increase of DHB 

productivity, which at 6.7 mol¾ phenol attained nearly 2 mmol/gh. Besides, effect of the 

reaction temperature and contact time on DHB productivity, N2O selectivity, and DHB 

isomers distribution was studied. 

[1] G.I. Panov, A.S. Kharitonov, G.A. Sheveleva, US Patent 5 756 861 (1998) 
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CONVERSION OF ETHANOL OR DIMETHYL ETHER TO HYDROGEN-RICH GAS 

V.V. Galvita, A.V. Fru~in'''>,v.D. Belyaev, G.L. Semin, V.A. Sobyanin 

Boreskov Institute of Catalysis SB RAS, Pr. Akademika Lavrentieva 5, 

Novosibirsk 630090, Russia, e-mail: galvita@catalysis.nsk.su 

*J Novosibirsk State University, Pirogova st. 2, Novosibirsk 630090, Russia 

Analysis of current literature shows that ethanol, a widely available renewable material, 

and dimethyl ether (DME) that can be synthesized directly from synthesis gas, will play an 

important role in energy transfer. If so, hydrogen-rich gas or syngas produced from ethanol 

and DME seem to be very attractive for fuel cells and other applications. 

This presentation reports the results on ethanol and DME steam reforming to hydrogen-rich 

gas. In particular, we demonstrated that: 

· Two-layer fixed-bed reactor is quite promising for conversion of ethanol to syngas. In 

this reactor, ethanol is first decomposed to H2, CO, CO2 and C~ gas mixture over a suitable 

catalyst (for example, Pd/C or Pd-Cu/C) and then the mixture produced is converted to 

hydrogen-rich gas over another appropriate catalyst. (for example, Ni-containing catalyst for 

methane steam reforming); 

Both mechanical mixture of catalysts for DME hydration to methanol and methanol 

steam reforming to hydrogen-rich gas, as well as bifunctional catalyst containing copper and 

heteropoly acid possess sufficient activity for the reaction of DME steam reforming. 
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OXIDATIVE DEHYDROGENATION AS A ROUTE FOR LIGHT OLEFINS \ i , ,__ : . ' ' . ., . > 

I. V. Babich, L. Leveles, K. Seshan, L. Leff erts 

Catalytic Processes and Materials, Faculty of Chemical Technology, University ofTwente, 

Postbus 217, 7500 AE, Enschede, The Netherlands 

The present industrial capacity for lower olefins is expected to be insufficient, as the demand for 

these important building blocks in the modem petrochemical industry grows (1,2]. 

Dehydrogenation of alkanes is an option and has the advantage that it generates olefins with the 

sa:r:rie carbon number as the alkanes, but has some major disadvantages: yields are limited by 

thermodynamic equilibrium, and high tendency to coking and consequently short catalyst lifetime 

[3]. 

Oxidative dehydrogenation (ODH) could be a conceptually interesting route as limitations of 

the chemical equilibrium are removed by the coupling of dehydrogenation and hydrogen 

oxidation, moreover the presence of oxygen limits coking and extends therefore catalyst 

lifetimes. Catalysts based on transition metal oxides with pronounced redox properties such as 

supported vanadia catalysts have been explored, but have not been seen promising, as 

readsorption of olefins (leading to total oxidation) appears to limit the olefin yield [ 4,5]. 

Maximum olefin yields obtained are limited to 30 mo!% [3]. Conway et al. [6,7] reported that 

magnesia based catalysts containing rare-earth oxides, promoted with alkali halide (mainly 

chlorides) show high activity and selectivity for forming olefins [8-12]. Over 70% ethene 

selectivity was reported at 75% conversion of ethane at 845 K. Somewhat later Landau et al. 

[13,14] reported on the ODH of light alkanes such as propane and butane. The mixed oxides 

based on rare-earth and Li oxides yielded up to 50% of total olefins at 860 K at 62% alkane 

conversion (>85% olefin selectivity). These catalysts present a significant improvement (>50% 

olefin yields) in comparison to earlier generation catalysts and thus provide intense interest 

currently. The composition of product stream after oxidative dehydrogenation and consisting of 

olefins, hydrogen, water, and carbon oxides suggests that the reactions that take place can include 

oxidative dehydrogenation, combustion and cracking. Key problems in the application of these 

catalysts include (i) catalyst stability; (ii) presence of chloride in the catalyst composition; (iii) 

formation of a mixture of olefins due to cracking activity of the catalysts. 

Our work was directed on identification of essential catalyst components to simplify catalyst 

formulation without loss in catalyst efficiency, determination of the structure of the active 
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sites which catalyze each route of alkane conversion, and provide the data on the mechanism 

of the oxidative conversion of alkanes over the studied catalytic system .. , 

It has been shown· that Li appears to be the most essential component in the catalyst composition 

to make an active and selective catalyst (Fig. 1 ). Addition of Dy2O3 to the catalyst decreases the 

activity by about a factor of two. Slight decrease in selectivity is also observed. Chloride 

addition to Mg-Li-Dy based catalyst slightly improves activity and selectivity but stability of the 

catalyst decreases. After a few hours on stream the conversion and selectivity for Cl-containing . 

catalyst declines so the Cl-free catalyst possesses higher activity and selectivity. Chlorine free 

catalysts also give olefin yields, which is 15% more than that obtained . over conventional 

catalysts. High olefin selectivity is maintained even at high conversions - very little secondary 

conversion of the olefins formed to COx occurs. · It is appropriate to mention at this point that 

development of a chlorine free efficient oxidation catalyst is a significant factor from the point of 

commercial application. 

4-,---------------------, 

"iii3 +---
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0 
conversion 

m!MgO ■ +DyliCI 1:iJ+Dyli !il!l+Li 

soo·c 
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Fig. 1. Catalytic activity of the MgO-based catalysts of 
different composition. 

It is generally accepted that the . • 

presence of Li on the magnesia 

surface generates the oxygen 

vacancies, which form highly 

nucleofilic centers via dissociative 

adsorption of 02. The resulting 

sites are commonly noted as 

[Li4 O"] and are considered to be 

active m methane coupling 

[15,16]. We suggest that the 

similar active sites are responsible for the extraordinary properties of Li/MgO in formation of 

olefins compared to MgO. The [Li40"] active site is able to initiate dehydrogenation reaction 

via splitting the most active hydrogen from an alkane. The crucial role of Li in the creation of 

the ODH active sites is confirmed by the increase in the activity and selectivity of Li-based 

catalysts with increase of Li content. fu addition, a strong correlation between catalytic 

activity and CO2 concentration has been observed. Adding up to 8 vol% CO2 to the reaction ·. 
' 

mixture led to a marked decrease in the reactivity, while the selectivity, did not change. 

Kinetic measurements indicate that the reaction order is - 1, which is attributed to the 

formation ofLi+Co3• species that results in the deactivation of the active sites. 

107 



OP-15 
The observed · linear dependence between conversions 

and yields for the products (Fig. 2) over the catalysts 

studied clearly indicates, that only the rates of olefin and 

COx formation are of significance, while readsorption of 

olefins (for e.g. propene as shown in Fig. 2) and 

subsequent oxidation did not occur. Thus, carbon oxides 

and olefins are concluded to be primary products. Even 

more strikingly, for a reaction temperature of 600°C 

50 total olefins 
... ·· ■ .. . ;,,•· 

... ·····• 
propene 

.... . ... •· 
· .•· •···co 

••• ,••••A••••••••.. X .• ... . 
.. ·· ..... · .... •··· .. ·· ... · .... .. 

.. ~: .. .-:.•··• ,, 
600°C 

0 +----.-------,- -,--~ 
0 25 50 75 100 

Conversion (mol%) 

such an inter conversion was not observed up to Fig. 2. ODH of propane over chlorine 
free Li-Dy-MgO based catalysts 

conversions of more than 60%. The fact that high olefin 

selectivity is maintained at high alkane conversions implies that secondary combustion of 

formed olefin is not important. This provides a significant advantage for commercial 

application because it makes the use of fluidized bed reactor with back mixing (ideal for heat 

removal) possible. 

C: 
0 
;; 
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E .. 
0 
lL 

0 0.2 

Fig. 3. Rates of ODH products formation at different 
oxygen partial pressure. 

The influence of oxygen upon 

activity and selectivity in the 

reaction 1s complex (Fig. 3). At 

very low partial pressures of 

oxygen (0-5 mbar) the activity 

steeply increased while selectivity 

to dehydrogenation and cracking (to 

ethene and methane) remained 

unaffected. At higher oxygen 

partial pressures the rates of 

propene and COx formation 

increase, while those of cracking slightly decrease. It is interesting to note that the sum of 

production rates of C~ and CO equals the formation rate of ethane independent of the partial 

pressure of oxygen. This fact seems to indicate that a common C1 intermediate leads to 

formation of CH4 and CO. · · 

Mechanism of propane ODH over Li-Mg-based catalysts has been elucidated from the data of 

kinetic measurements varying the propane partial pressure. ·· It has been determined that 

activation of the alkane is rate determining step. At low propane partial pressure (typically 

below 0.3 bar) propane activation takes place predominantly on the catalyst surface (active 

sites are [Lto-]) via hydrogen abstraction. This results in the transformation of the active sites 
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to the [LtOHl and formation of n- or iso- propyl radicals. depending on whether the hydrogen 

was bonded to a primary or secondary carbon atom. The propyl radicals are released into the gas 

phase where . they undergo decomposition reaction. Iso-propyl radicals give propene and H 

whereas n-propyl radicals are transformed to ethane and CH3·. The radicals that result from the 

decomposition acti~ate new propane molecules and continue the reaction chain. In the presence of 

oxygen the reaction goes much faster due to fast reaction of oxygen with the propyl radicals to 

form propene and HO2·. Oxygen also regenerates [LtoH-] sites closing the catalytic cycle. At 

high partial pressure of propane (typically above 0.3 bar) the gas-phase activation of propane 

molecules becomes important and predominates over the activation at the catalyst surface. It is 

interesting to mention that contribution of gas-phase activation of alkane is much smaller in the 

presence of catalyst than in the empty reactor. This can be explained by the quenching role of the 

catalyst, which limits the formation of a pool of radicals to accelerate the reaction. 

The presented results clearly indicate that Li-Mg-based catalysts are very promising in 

oxidative dehydrogenation of light alkanes and are an improvement over the redox-based 

catalysts providing higher yield of desired products, olefins. 
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Introduction 

The conversion of renewable energy :sources (in particular, that of biomass) to conventional 
- i. ' • ' ' . 

. piotor fuels may be performed by junction of biomass gasification and Fischer-Tropsch synthesis . 

.At present, both stages of the process are in the focus of numerous studies [1,2]. Use of the 

biomass as a raw material lays some specific constrains on the Fischer-Tropsch technology which 

are mainly related with a comparatively small scale of production. The traditionally proposed 

slurry bed or monolith trickle-bed reactors are characterized by a high extent of the catalyst 

dilution (by slurry filling or by monolith block). Thus, the productivity of the volume unit of a 

reactor is low, leading to high capital costs · of the process. The operation of the "small" scale 

plants using these types of reactors seems to be not self-supporting. Therefore the challenge is to 

design a new type of the Fischer-Tropsch three-phase reactor, which should combine the 

advantages of the slurry bed and trickle-bed reactors (isothermal catalyst bed, high rates of mass 
. . 

. . .. 

y-ansfer) with high concentration of the catalytically active substance in the reactor volume [3]. 

It is noteworthy, that high concentration of the active component loading must not be 

a~companied by the decrease of: 

- catalyst bed heat conductivity (isothermal catalyst bed is important for retaining high 

selectivity of the process, see e.g. [ 4]); 

- gas-liquid interface specific area; 

, , - internal diffusion rates inside the porous structure of the .catalyst grain (this is important 

not only for providing a high effectiveness factor of the catalyst usage but also for ensuring a 

high'selectivity of the process [5]); 

- hydraulic penetrability of the catalyst bed. 

Only in the case that all above criteria are maintained at the highest level, the increase of 

the catalyst concentration in the reactor volume can lead to better ptocess performance . 
. . 
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Here we present an experimental study on the possibility of provid~g the Fischer-Tropsch 

synthesis in a new type of three-phase reactor, which corp.bines the dense catalyst bed and 

high rates of mass and heat transfer. 

Proposed concept of the porous catalyst packing: Penetrable Composite l\1onolith (PCM) 

The origin of the PCM concept is high . l9ading of the active component in the catalyst grain 

combined with the low void volume in the reactor volume. fu this case, an intense mass-transfer 

can be achieved by directing the gas flow through the catalyst grain via a set of transport pores, 

provided that concentration of the transport pores is high enough. 

Then, the effective diffusion length will be about the mean distance between the 

neighboring transport pores. fu [5], it was concluded that for typical Fischer-Tropsch catalyst, 

internal diffusion constrains do not worsen the process selectivity at catalyst grain size less 

than 50 µm. Assuming the close packing of pores, this corresponds to the concentration of the 

transport pores n,p > 7·108 m·2• 

A high area of the gas-liquid interface could be created by an organization of the gas flow 

through the transport pores partially filled by liquid in the "annular" regime, provided the 

concentration of such pores is high enough and their effective diameter is quite small 

Assuming the mass-transfer coefficient on the gas-liquid boundary, kL, to be about 10-4 mis 

(estimated by the Moo-Young equation [6]), the reaction rate to be not higher that 

6 moles(CO)/(m3 s) (i.e. 300 kg/(m3 hr) of hydrocarbons produced), and solubility of CO in 

hydrocarbons to be about 52 moles(CO)/(m3 MPa) (measured for octacosane, T = 250 C [7]), 
.' ,• 

one can estimate that the specific area of the gas-liquid interface should be above 20 cm2/cm3 

to relax the mass-transfer restrictions at the interface for the typical Fischer-Tropsch 

conditions (2 MPa, 33% of CO). 

At the same time, the effective radius of the transport pores should be high enough to 

provide a low pressure drop. Let us estimate the minimal penetrability (the Darcy's law 

coefficient) of a PCM grain, assuming that the gas feed rate in the industrial Fischer-Tropsch 

synthesis can hardly exceed 1 m3/(m3·s), .and the minimal reasonable catalyst bed length is 

about 0.1 m. Then, the reasonable pressure drop, Af> < 0.5 MPa, ,can be achieved, if the 
.· -. 1_ ·, .. 

penetrability of the catalyst bed is .above l.2·1ff14 m2 (12 mDarcy). 

The challenge is to prepare the catalyst grain, which satisfies all the above criteria. We have 

made an attempt to . prepare the catalyst grain using the combination of the state-of-the-art 

techniques known for the preparation of composite materials. Below we demonstrate that this 
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attempt was successful. This new type of catalyst grains we will further denote as "penetrable 

composite monolith" (PCM) catalyst. 

Experimental 

PCM catalyst grains were prepared basing on the · Co.:.containing catalyst. The cobalt 

loading in the catalyst powder was 24% wt. Concentrationofthe catalyst in the PCM samples 

varied from 0. 7 to 1.1 g/cm3. The PCM particles under the study have cylinder geometry with 

the base diameter 15 mm and height 5-7 mm. 

Porosity of the PCM samples was calculated by relating the true volume of the catalyst 

gr~in to its geometrical volume. The true volume was measured using a Helium picnometer 

Micrometritics 1320 (USA). Independently, the porosity was estimated by flooding the PCM 

grain with liquid n-tetradecane, n-C14H30, and by comparing the weight of the flooded grain to 

its initial weight. 

Penetrability of the PCM samples was estimated by the Darcy equation from the 

dependence of the pressure drop vs. the gas flow through the PCM grain at room temperature. 

Thermal conductivity was estimated from the experimental data on the electric 

conductivity by the well-known Wiedemann-Franz correlation [8]. 

Mechanical strength was estimated from experiments when the glass vessel with the 

catalyst · PCM grain was vibrating with frequency 100 Hz and amplitude 5 mm. The PCM 

sample was free and stroke against the vessel wall at each oscillation. The weight fraction 

retained by PCM sample after ·20 min treatment was used as a measure of its mechanical 

strength. These studies were performed after all the other tests are over. 

· ··The catalytic tests were performed at T = 483 K, P = 0.1 MPa, H2:CO = 2 (mol). 10 vol.% of 

N2 was introduced into the gas flow as an internal standard for gas chromatography. The gas 

mixture was saturated by vapor of n-tetradecane (at 483 K) for uniformity of all the catalytic test 

series. Thus, the partial pressure of CO in the gas feed was ca. 20 kPa, that ofH2 was ca. 40 kPa. 

The PCM samples used in the catalytic tests were sealed into a solid ring for insulation of 

the cylinder element. The volume of the PCM sample was ca. 1.05 cm3. The amount of the 

active catalyst loading varied slightly from 0.9 to 1.03 g per the PCM· sample. Before starting 

a test, the PCM samples were pre-activated (reduced) in hydrogen flow and placed into liquid 

n-tetradecane under the protection of flowing Ar in order to avoid contact with air oxygen. 

Then the sample was moved into a plug-flow reactor with the ascending gas flow. 

Two series of tests were made: in a "gas" mode (i.e. wtth no additional liquid hydrocarbon 

introduced into the reactor volume) and in a "gas-liquid" mode (i.e. with having the layer of 
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liquid n-tetradecane of 1-2 cm in height maintained over the top oftlie PCM cylinder). Note, 

that the PCM sample was initially dried by argon flowing through for the ''gas" test series. 

Reference data for the evaluation of the PCM performance were obtained by testing . the 

Co-containing catalyst used for the PCM preparation in a slurry bed reactor (n-tetradecane as the 

slurry filling). The sample size was 1. 1 g, the catalyst powder particle size was less than 0.1 mm. 

The catalyst was activated in the fluidized-bed reactor and placed into liquid n-tetradecane under 

the protection of flowing Ar in order to avoid contact with air oxygen. 

Results and discussion 

Estimation of integral values for the PCM samples: 

Figure 1 illustrates, that the experimental dependencies of the gas · flow through the dry 

PCM grain on the pressure drop follows the Darcy's law for ideal gas: 

s 
Q l =K•-•L1P 

VO l • Y/ 
(1) 

Here Qvol is volume gas flow (m3/s), K is penetrability (m2), 77 - dynamic viscosity 

(Pa·s ), l - grain height (m), &- pressure drop (Pa), S - PCM grain cross-section area (m2). 
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Figure 1. The experimental data on the dependence of the volume gas flow versus the pressure dwp for the 
PCM operated in the "gas" regime: 1 - sample PCM-5; 2 - sample PCM-6. T = 22 °C, P = 1 bar; 
gas composition: 30% vol. CO, 60% vol. H2, and 10% vol. N2• 

By varying the composition and conditions of the PCM preparation, we found that it is ~ssible to 

obtain PCM samples which differ a lot by their penetrability. However, the samples with the 

higher penetrability are less mechanically strong. At Figure 2 the correlation between these two 

parameters is shown. It is quite clear from the plot, that the PCM grains with the penetrability, 

113 



OP-16 
Kgas, ranging from 10-14-5 10-13 m2 (10-500 mDarcy) are optimal. Thus, the scope of the study was 

contracted by a few selected PCM samples with similar preparation conditions and composition. 

Table 1 summarizes the experimental data on the catalyst . loading, mechanical strength, 

penetrability and thermal conductivity of the selected PCM samples. 
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Figure 2. The correlation of the penetrability, Kgas, and the mechanical strength for PCM samples in a wide 
range of the PCM sample composition and preparation conditions. The mechanical strength is 
expressed in weight fraction of sample retained after intense vibration treatment (see the text). 

Table 1. The experimental data on the PCM samples under the study. 

Sample Catalyst Mechanical Porosity(b) Porosity<c) Penetrability, Heat 
loading, strength<a> Kgas, mDarcy conductivity, 
g/cm3 W/(ms) 

PCM-1 0.92 98.5% 0.77 0.64 120 4 

PCM-2 0.99 98.8% 0.72 0.71 106 4 

PCM-3 0.90 98.7% 0.74 0.66 71 3.5 

PCM-4 1.04 99.2% 0.66 0.60 130 4.5 

PCM-5 1.0 98.8% 0.56 0.46 75 >5 

PCM-6 0.97 98.6% 0.77 0.64 158 4 

(a) measured as the weight fraction retained by sample after 20'min of intense vibrations; 

Cb) estimated from the true PCM density measured by Helium picnometer 

Cc>measured by n-tetradecane porometry 

Estimation of the transport pores distribution by size. 

Figure 3 represents the effect of the pressure drop_ on the volume gas flow in the case, 

when the layer of liquid n-tetradecane is maintained on the top of the PCM grain (i.e. at the 
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"gas-liquid" mode of operation). The data on the PCM-1 sample at 22°C, P = _l bar were 

selected for the illustration. It is · quite clear from the presented plot, that the observed pressure 

drop originates from a superposition of the capillary pressure and the resistance of the pores 

to the viscous gas flow: 

/. 1'/ 
LIP = -- · Qvol +Pean, 

KS r 
(2) 

and therefore is not linear to the gas flow. 
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Figure 3. The experimental dependence of the pressure drop on the volume gas flow for PCM-1 at the 
"gas-liquid" operation mode. 

At low values of the gas flow, only the widest transport pores are open for the gas flow, i.e. those 

satisfying the necessary condition P cap < LIP. The observed hysteresis loop indicates the complicated 

geometry of the pores: the critical value of the pressure drop needed to open a transport pore . . . 

corresponds to the most narrow spot in the pore, while, at decreasing the gas flow, the same 

pore can be closed only at a somewhat lower pressure drop va!ue equal to the capillary 

pressure at the pore exit. The experimental dependence Qvol (LIP) allows to estimate the 

density of the transport pores distribution by diameter n(D) by equation (3): 
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n(D)= 128(40' cos(e)l-517/,11>{ .·Patm . d2Qv;l - Patm . dQvol} 
. 7r AP ) &+Patm d,1P (&+Patmf d& 

D = 4a cos(e) 
,1P 

, (3) 

which follows from Eq. (2) and Hagen-Poiseuille equation [9] for the cylindrical shape of 

pores. In Eq. (3), a- is surface tension of the liquid phase; e is the wetting angle; D- diameter 

of the transport pore. A laminar flow of gas through the transport pore was assumed. Derivatives 

d 2Q';_, and dQvo, were calculated from the 6th degree polynomial approximation of the 
dM dM' 

experimental data on Qv0 i(..1P). An example of the estimated pore-distribution density, n(D), 

is presented by Figure 4 ( curve 1 ). 
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Figure 4. The estimated density functions: 1 - of the transport pore distribution by size for 
PCM-5; 2 - of the gas flow distribution by the pore size for PCM-5; 3 - of the gas flow 
distribution by the pore size for PCM-6. 

Curves 2 and 3 at Figure 4 correspond to the calculated densities of the gas flow 

distribution by the transport pore size dQ(D) at the value of Af> = 14 kPa: 
dD 

dQ(D) =n(D)...!:._ D4 (&- 4o-cos(e)X1+-1-(,1P 40-cos(e)1J 
~ Jm/17 D 2~tm D ) 

(4) 

The measured values of the PCM penetrability Kg-I, estimated transport pores size, Rtp cap, 

concentration, n,p, volume fraction, &1r, their specific surface area, a,p, as well as the transport 

pore size measured by optical microscopy, R,p opt, are summarized in Table 2. 
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Table 2. The estimated transport pore structure parameters 

Sample Penetrability, Rtpcap, .: Rrpopt, TP Volume TP surface Distance 
Kg-t, mDarcy µm µm concentration, ofTP, &rp area, arp, TP-TP, 

n 109m-2 
tp, cm2/cm3 Lp,µm . 

PCM-I 66 3.6 1.0 3.6% 210 38 

PCM-2 30 2.5 2.5 2.7 4.5% 370 23 

PCM-3 60 3.6 1.2 3.6% 230 : 35 · 

PCM-5 53 3.9 5.0 2.0 4.2% 320 27 

PCM-6 42 3.2 2.1 4.3% 330 26 

The penetrability, Kg-1, corresponds to the slope of the Qvo1 (M) plot at '1P > 15 kPa (see Fig. 3). 

The effective size of transport pores, Rrpcap was estimated by the expression (5): 

Dmax 

fQ'(D)DdD 
R _ .!_ _D-=m ... in ___ _ 

tpcap - 2 Dmax · 

fQ'(D)dD 
(5) 

Dmin 

where Q'(D) is the density of the pore size distribution calculated by Eq. (4). The 

concentration of the pores was calculated as the total amount of the pores related to the area of 

the PCM grain cross-section, S. Similarly, the volume of the transport pores and their specific 

surface area were calculated: 

Dmax 

fn(D)dD 
Dmax . 

f n(D)trD2dD 
Dmax 

f n(D )2trDdD 
D- D- D· n - ~m=m~- -' Etp = _m~in _____ and a = ~m_m ___ _ 

tp- s s ' tp . s (8) 

The data of Tables 1 and 2 evidence that the PCM catalysts satisfy all the requirements 

postulated in the first section of this article. Thus, it is quite natural to expect their 

performance to be high. Below, the performance of the PCM catalyst in the Fischer-Tropsch 

synthesis at P = 0.1 MPa is discussed. 

Catalytic peiformance of the PCM samples in CO hydrogenation at 0.1 MP a 

The experimental data on the performance of the PCM samples in the Fischer-Tropsch synthesis 

at 0.1 MPa are summarized in Table 3. Each experimental point refers to 12 hours on run at constant 

reaction conditions for the PCM tests and for 18 hours on run for the sluny bed tests. 

In the "gas" mode of the operation, the activity of the PCM samples is close to that 

observed in a slurry reactor over the catalyst powder, i.e. at the conditions, when nor internal 
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neither external mass-transfer restrictions can be considered 3:5 significant. Thus, almost all 

the active component particles are accessible to the gas (the "closed" pores aren't present in 

the packing). A high value of propylene-to-propane ratio indicates, that the mass-transfer 

limitations are not strong enough to provide the high probability of propylene re-adsorption. 

From the other hand, the low value of ASF parameter a for the olefin fraction of the products 

indicates that for higher olefins a re-adsorption process is still probable. Some decrease of the 

C3 =/- ratio at the high contact time appears to be a quite expected result: at longer residence 

time, the probability of propylene re-adsorption should apparently be higher. 

Table 3. The Fischer-Tropsch synthesis performance of the PCM samples in comparison to that of the original 

catalyst powder in the sluny bed reactor, P = 0.1 MPa, H2:CO:N2 = 6:3: 1, the n-C1JI30 saturated vapors. 

Activity, µmoV(hr &aJ Selectivity 
V (a) Operation co parameter aCb> 

Sample T,K g ' C3 =/-
NI/hr mode conversion co c~ 

converted formed 
paraffins olefins 

SBR 484 0.32 slurry bed 24% 1180 170 0.83 0.80 1.9 
484 0.42 21 % 1340 180 0.84 0.81 2.0 

PCM-2 484 0.94 gas 11.5% 1560 100 0.81 0.59 4.8 
483 0.68 14.6% 1570 130 0.80 0.61 4.9 
484 0.46 19.3% 1410 130 0.75 0.58 4.6 
484 , •· 0.32 25.2% 1280 130 0.73 0.56 3.7 
484 0.93 g-1 6.4% 940 110 0.79 0.57 3.8 
483 0.67 · 11.2% 1180 140 0.80 0.50 3.3 
484 0.33 21.2% 1090 140 0.70 0.41 2.3 
484 0.50 11.6% 910 130 0.77 0.54 2.8 

PCM-3 483 0.75 gas 7.6% 1050 60 0.84 0.54 5.4 
484 0.31 18.8% 1080 120 0.81 0.53 4.9 
484 0.47 13.2% 1140 110 0.83 0.56 4.6 
484 0.85 g-1 5.3 % 820 90 0.78 0.65 4.2 
483 0.34 15.6% 950 80 0.81 0.63 2.7 
484 0.50 10.0% 880 80 0.80 0.66 3.3 

PCM-5 484 0.50 g-l 11.6% 910 130 0.77 0.54 2.8 
473 0.50 8.8% 630 27 0.82 0.75 1.6 
483 0.50 10.6% 750 60 0.72 0.74 1.9 
493 · 0.50 13.2 % 900 130 0.65 · 0.63 2.5 
493 0.30 20.1 % 800 150 0.65 0.63 2.4 
494 0.67 10.l % 1030 150 0.67 0.63 3.0 
494 0.91 8.2% 1130 150 0.68 0.64 3.4 

<•> the volume flow of the syn-gas before saturation by the n-tetradecane vapors 

Cb> the values of the Anderson-Schulz-Flory parameter a are calculated from the composition of C4 .: C9 fraction 

of corresponding products . 

The "gas-liquid" mode of the operation is, probably, more close to the steady-state of the 

catalyst in realistic conditions, when the reaction represents a three-phase process. For this 

mode of the operation, the most narrow transport pores are plausibly flooded, i.e. "closed" fo~ 
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the gas flow through due to a high capillary pressure according to the data of Fig. 3. This 

~rovides a less effective usage of the catalyst (60-70% in respect to th~ original catalyst 

powder in the slurry bed reactor) . . 

The propylene-to-propane ratio for the "gas-liquid" operation mode is lower, than that for the 

"gas" mode. This indicates that the effective residence time of non-saturated products in the PCM 

pore structure is higher than the gas residence time due to the existence of additional mass-transfer 

constrains at the gas-liquid interface. The propylene selectivity in the "gas-liquid" regime seems 

to be close to the marginal case of a well mixed liquid, when fr increases monotonously with the 

gas velocity. A simple estimation leads to the following equation for the model of gas flowing 

through the well mixed liquid phase: 

{C =I} = {c3 7-} 
3 /- observed I+ kRT ' 

V pO 
g 

(9) 

which accords to the experimental data on the PCM samples provided {C3=/-} = 6.1 (see Fig. 5). 

Here {C3=/-} is the rate of the propylene production related to the rate of the propane 

production (in the supposition of the absence of the re-adsorption); V g is the volume flow of _ 

gas through the PCM grain related to 1 g of the catalyst loading; P0 is the sat~ated vapor 

pressure of propylene; k is the first order kinetic rate constant for the propylene re-adsorption. 
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Figure 5. A linear anamorphism of the impact of the volume gas flow, P'g, through the PCM-2 (A) _ 
and PCM-3 (O) samples on the propylene selectivity 

The above data evidence that mass-transfer constrains are not very severe for the PCM 

catalysts. Despite that, the selectivity towards heavy hydrocarbons (the ASF a. parameter) is 

quite low at high degree of the CO conversion for the PCM-2 sample, while this tendency is 
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not so pronounced for the other two samples. From Table 2 it is clear that the PCM-2 sample 

is characterized by the smallest mean size of transport pores. Thus~ it is quite natural to 

suppose, that the most of transport pores are flooded and the mass-transfer limitation affects 

the performance of this sample to a much greater extent. 

Conclusions 

1. In this paper we demonstrate that it possible to prepare penetrable composite monoliths 

(PCM) which are characterized by: 

- a high concentration of a catalytically active compound (0.9-1.1 g/cm3); 

- a high heat-conductivity (above 3 W/(m s)); 

- a high mechanical strength; 

- the penetrability, which is reasonable for the Fischer-Tropsch synthesis ( 4· 10-14 - 10·13 m2); 

- a well developed transport pore structure with mean size ca. 2-5 µm and concentration 

ca 1-3·109 m·2• 

. 2. The effectiveness factor of the PCM catalyst usage in the three-phase operation mode is 

enough (60 - 70%) to provide the high productivity of the PCM volume (2 - 3 times higher, 

than for the conventional slurry bed reactor). No catalyst is located in the closed pores . 
. -• :\ 

3. Despite the PCM pore structure favors the intense mass-transfer and the mass-transfer 
· r•· 

restrictions are rather mild, the selectivity of the process is still sensitive to the mean size of 

transport pores and, probably, to the dispersion of their size distribution. Therefore, studies on 

the way of the preparation of PCM samples with more homogeneous pore size distribution is 

necessary. 

4. The results of the study encourage to consider PCM as prospective catalysts for the Fischer­

Tropsch synthesis [1 0], the catalytic tests in more realistic reaction conditions (P = 2 MPa) could 

give the basis for better-grounded conclusions [11 ]. 
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1. Introduction 

Vast amount of fly ash produced by power stations causes development of efficient ash 

utilization processes. The spherical particles called microspheres constitute the substantial 

part of fly ashes, which are used at the moment mostly in construction and material industries. 

But it is · known that microspheres reveal outstanding thermal, magnetic and some other 

properties combined with the unique spherical design and chemical inertness. These features 

make them very promising material for development on their basis new special products of 

high technological importance. The present paper reviews the processes of separation of 

microspheres from fly ash and their possible applications for the creation of catalytic 

supports, adsorbents and catalysts. 

2. Classification and recovery of glass crystalline microspheres from fly ash 

The accepted classification of microspheres includes three main groups of different 

morphology (Fig. 1 ): microspheres (magnetite or aluminosilicate glass crystalline spherical 

particles, monolith or porous), cenospheres (hollow microspheres based on aluminosilicate 

glass in which the ratio of the particle diameter to the wall thickness can reach more than 50) 

and plerospheres (hollow glass crystalline microspheres filled with tiny spherical particles) [1-3]. In 

real fly ashes the proportion between these types of microspheres as well as their chemical and 

mineral-phase composition vary in a very wide range and depend on the nature and 

composition of initial coal and on the coal combustion modes. From the point of the practical 

application of microspheres as catalysts and supports, magnetite microspheres with high 

content of the ferrospinel phase (magnetic microspheres) and cenospheres are the most 

interesting objects. 
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Figure 1. Typical appearance of 
microspheres found out in fly ashes 
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The primary: separation of fly ash to recover the 

mentioned · microspheres includes hydrostatic 

isolation of cenospheres (concentrate) having the 

lowest density compared to other ash components 

(bulk density 0.3-0.6 g/cm3) and magnetic separation 

of the rest part resulting in the recovery of the magnetic 

product (magnetic concentrate). Concentrates of 

microspherical products ( cenospheres and magnetic 

microspheres) are mixed materials that are 

heterogeneous by their grain size, chemical and mineral 

phase composition. 

To obtain materials with predictable properties from 

the microspheres, an additional stabilization of 

composition of the primary products is required. The 

further separation of concentrates is based on the 

difference of physical characteristics of microspheres 

( density, content of the magnetic constituent, particle 

size). The process flowsheets of concentrate separation 

based on the combination of hydro- or aerodynamic 

and granulometric classification followed by magnetic 

separation in magnetic field of different intensity have 

been realized to isolate magnetic microspheres and 

cenospheres of stabilized composition [ 4-7]. 

The scheme to illustrate the principle of hydro- and 

aerodynamic separation of magnetic microspheres and 

cenospheres using up flow or down flow gas or liquid is 

presented in Figure 2. The scheme has been applied to 

separate the concentrates of magnetic microspheres and 

cenospheres. As a result a wide range of microspherical 

products with stabilized physicochemical properties 

and chemical compositions has been produced. The 

detailed study of their properties and morphology by 

methods of scanning electron microscopy, Mossbauer 
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spectroscopy, X-ray diffraction and electron spin resonance has been carried out. Based on the 

results obtained the promising fields of application of stabilized products including the 

production of catalysts, supports and adsorbents have been defined and some examples are 

given below. 

Up-flow 

Heavy 
product 

Down-flow 

Water 

Heavy 
product 

Light 
product 

Feed 

Figure 2. Scheme of hydro- and aerodynamic separation of concentrates 

3. Modification of microspheres 

3.1. Preparation of porous microspberical glasses 

The porous structure of glasses is known to be formed by removing soluble components from 

two-phase sodium-boron-silicate glasses as a consequence of chemical etching with mineral 

acids (8]. Cenospheres can be also precursors of porous glasses due to the entering of acid 

soluble phases into the composition of aluminosilicate glass. 

The chemical etching of cenospheres was performed by treatment of non-perforated 

cenospheres of Novosibirsk Power Plant with hydrochloric acid at given temperature, 

processing time and volume ratio of sample to etching solution resulting in the formation of 

three products, such as two perforated products (Pl and P2) and one non-perforated product 

(NP) with 4, 20 and 74% volume yields, accordingly (losses-2%). All the products have been 

isolated and characterized by SEM. Texture parameters of products obtained (specific surface 

area, pore volume and pore size distribution) w~re calculated from low temperature isotherms 

of nitrogen sorption (ASAP 2400 Micromeretics) and from the volume of adsorbed argon at 

77 K (method of thermal desorption of argon - TDA). 

According to TDA the specific surface area of the porous cenospheres obtained are equal 

to the values of 51 m2/g (Pl), 15 m2/g (P2) and 3.4 m2/g (NP). The total single point pore 

volume of pores less than 2400A at P/P0 = 0.99 for Pl is as much as 0.016 cm3/g. The 
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differential curve of pore size distribution has a well-defined maximum at 35 angstrom (A), it 

spans the range of 50-80 A pore size and sufficiently large pores of 100-500 A. The presence 

of macropores is confirmed also by SEM. Two types of regular macropores having size less 

than 0.05 microns and 0.05-0.5 microns are distinctly observed on the surface of porous 

cenospheres formed as a result of acid etching. 

Thus, the data obtained have shown the possibility to form the mesoporous microspherical 

glasses with specific surface area of 3-50 m2/g based on cenospheres of stabilized 
: ~ 

composition. Perforation of the cenosphere wall can be reached under these conditions 

resulting in the formation of0.05-0.5 micron open pores. 

3.2. Fe203 supported cenospheres 

Table 1. Specific surface area of neat Fe20 3 and 
Fe203 supported on cenospheres 

Fez03 content, Calcination sllJA 
' wt.% temperature, °C m2/g 

Fez03 
2.1 600 200 
10.1 600 50 
2.1 900 90 
10.1 900 10 

Fe203 600 7.7 
Fe203 900 3.5 

Thin films of iron oxide deposited on 

cenospheres were prepared by thermal 

decomposition of iron (3+) nitrate on the 

support surface including impregnation of 

cenospheres with Fe(NO3)3 solution of given 

concentration, drying at 110-120°C and 

thermal treatment of the samples at 500°C for 

2 hours followed by calcination at 600-900°C 

for 6 hours. Samples with the supported iron oxide content in the range of 0.95-10.lwt.% 

have been obtained. After every step of the thermal treatment the specific surface area of the 

samples was determined by TDA method using the standard procedure. The morphology of 

iron oxide films was studied by SEM. The specific surface area of iron oxide is equal to 

10-200 m2/g Fe2O3 depending on the Fe2O3 content and pretreatment temperature. The 

increase of F e2O3 content and treatment temperature results in the decrease of specific surface. 

It is important to note that the value of specific surface area for supported Fe2O3 is higher 

than that for the individual Fe2O3 treated under the same condition. Thus, using method of 

thermal decomposition of iron nitrate on the surface of cenospheres, the supported iron oxide 

systems with specific surface area of 50-200 m2/g Fe2O3 at 600°C, and 10-90 m2/g Fe2O3 at 

900°C have been obtained. 

3.3. Synthesis and application of zeolite-coated cenospheres 

The molar SiO2/ AhO3 · ratio for the most fraction of cenospheres resides in the range of 2-6 

that is very close to the low silica zeolites. It is known that low silica zeolites with F AU, 
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LTA and GIS types of framework are widely used as ion-exchangers, adsorbents and 

catalysts. Earlier it has been shown by numer◊us studies that fly•' ash' can be effectively 
' ·1·: 

converted to the up to 13 different zeolitic products by hydrothermal synthesis or alkaline 

fusion. Process of fly ash to zeolite conversion was evaluated at pilot plant scale [9] and their 

application for water treatment technology was suggested [10-12]. The main disadvantage of 

the zeolite produced in such a way was powder-like character of the resulting materials, which 

required additional formation with binder to form granules. Moreover, the substantial 

heterogeneity of chemical and mineral composition of coal fly ash usually leads to 

unreproducible results, the products being contaminated with iron. 

One of the possible way to achieve a better reproducibility and eliminate the need for 

additional granules formation is to utilize glassy microspheres with stabilized composition 
r , . 

obtained by separation procedures described above. 

The zeolitization process was performed in a 

Teflon vessel at 80-l 50°C and autogenous 

pressure with 1-4 M sodium hydroxide solution. 

XRD, optical and scanning electron microscopy 

were used to follow the progress of reaction. As a 

starting material for zeolitization a fraction of 

, cenospheres with stabilized composition was used, 

which was additionally purified from magnetic 

1mpurities prior to conversion. Depending on the 

Figure 3. Zeolite NaPl coating on the reaction condition three type of zeolite framework 

' surface of cenosphere . are formed, namely NaA (LTA), NaX (FAU) and 

NaPl (GIS) either as a mixture or as a single phase. Formation of zeolite crystals is found to 

occur both on the ·surface of cenospheres and in the liquid phase. Longer reaction time results 

in total conversion of cenosphere material to zeolites to form large crystals (3-20 micron) as . 

well as dendrites which are irregularly attached to the surface, this process entailing 

almost c~mplete destruction of cenospheres .. When a special attention has been paid to 

preserve the intactness of cenosphere walls by adjusting process parameters, tiny crystals 

of zeolites (<1 micron) were formed which cover the surface of the cenosphere forming a 

kind of a coating (Fig. 3). Under this experimental condition it is possible to • fulfil the 

conversion of the most part of glass phase to zeolites keeping intact initial spherical shape . 
. ,.~ : -
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These spherical zeolite containing sorbents were tested as ion-exchangers for cesium and 

strontium removal from dilute and technological solutions and demonstrated up to 2 meq/g 

total cation exchange capacity and a good selectivity for the heavy metal ion removal. 

4. Application of microspheres in catalysis . 

4.1. Catalytic properties of Fe203/cenosphere catalysts in deep oxidation of methane 

Catalytic properties of Fe2OJfcenosphere catalysts were studied in a microcatalytic set-up 

with a quartz fixed bed reactor with 0.1-0.3 g of the catalyst. Specific catalytic activity of 

Fe2O3/cenospheres catalysts in the reaction of deep oxidation of methane is presented in 

Figure 4. 
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Figure 4. Variation of specific catalytic activity of Fe2O3/cenospheres in the reaction of deep 
oxidation of methane as a function of pretreatment temperature. CRi:O2=2:98; reaction 
temperature 400°C. Fe2O3 loading, wt.%: 0- 1; ■ - 2.1; .1- 10; • - I 00. 

Catalytic runs have shown that at 400°C the specific catalytic activity in the reaction of deep 

oxidation of methane does not depend with an experimental error on the content Fe2O3 and the 

pretreatment temperature of 2.1 wt.% Fe2OJ/cenosphere catalysts . in the range of 500-700°~ and 

lOwt.% Fe2O3/cenosphere catalysts in the 500-800°C range. The specific catalytic activity of 

Fe2OJfcenospheres is lower compared to the individual Fe2O3. The decrease of activity is likely to 

be caused by the interaction between iron oxide and the support of catalysts. The activity ofFe2O3 

decreases very strong as a result of the rise of treatment temperature from 500 up to 60Q0C. 

4.2. Catalytic properties of magnetic microspberes 

It is known that catalysts ~f deep oxidation based on ferrospinels is less active than other 

oxide systems, in particular, cobaltites and chromites [13-16]. Nevertheless, iron oxide 
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catalysts including ferrospinels are more resistant to catalytic poisons. They are also cheaper 

and nonpolluting. It was shown that magnetic microspheres of stabilized composition isolated 

from ashes contain substantial part of iron in the form of a solid solution based on Fe3O4 or 

ferrospinels, therefore they can posses activity in reactions of catalytic oxidation. 

Catalytic activity of magnetic microspheres were tested both in the reaction of oxidative 

coupling and deep oxidation of methane. At a high temperature the selectivity of formation of 

C2H6, C2~ and CO from CH4-O2 feeds ranges up to 76-81 % corresponding to characteristics 

of the best known catalysts of oxidative coupling of methane [5,17]. Activity of deep 

oxidation of methane was found to be lower than that for neat a-Fe2O3 ((4-8),1016 and 

31.5·1016 molec.CHis.m2 correspondingly; 500°C, CH4:O2 = 2:9~) but the same order of 

magnitude as for magnesium ferrite MgFe2O4 (3.2-10 16 molec.CHis•m2) [13,14]. 

At present time the quantitative composition of (Ca,Mg,Al,Mn)-ferrites being part of the 

active component of microspheres is not established. Nevertheless, taking into account that 

formation of ferrospinels takes place from ferrosilicate melts, it could be presumed that the 

Ca,Mg-ferrite content in the composition of solid solution is determined by the total content 

of calcium and magnesium. It was found that microspheres with (CaO + MgO) being equal to 
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Figure 5. Catalytic activity of magnetic microspheres in reaction of methane deep oxidation. 
0 - 520°C, CH.i:O2 = 85:15(vol.%); • - 500°C, C~:02 = 2:98 (vol.%) . ' 

5-8 wt.% display the highest catalytic activity (Fig. 5). This fact is likely to be caused by the 

peculiarities of the active component formation. 

Thus, magnetic microspheres are active in the reactions of oxidative conversion of methane, 

ferrospinel of (Ca,Mg,Al,Mn)-ferrite composition being the active component ~f magnetic 

microspheres. The range of compositions of magnetic microspheres displaying the highest 
. ) . :.. . r 

catalytic activity in deep oxidation of methane has been established. 
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MODELING OF HEAT AND MASS TRANSPORT IN WALL-COOLED TUBULAA 

Abstract 

REACTORS 

G.W. Koning*, A.E. Kronberg, W.P.M. van Swaaij 

University of Twente, Faculty of Chemical Technology 

P.O. Box 217 7500 AE Enschedethe Netherlands 

Ph. xx-31-53-4315057 Fax. xx-31-53-4894738 

email: gwkoning@hetnet.nl 

Heat transfer experiments with and without chemical reaction were performed in a wall-cooled 

tubular reactor. The .oxidation of carbon monoxide over a CuO/y-alumina catalyst was used as a 

model reaction. A two-dimensional heterogeneous reactor model was used for calculation of the 

temperature and concentration profiles inside the packing. The experiments were performed at Re 

between 200 and 1400, reactor pressures of 3, 5.9 and 8 bara, wall temperatures of 156, 180 and 

200°C and CO inlet concentrations ranging from 0.1 to l .5vol%. The obtained data show that a 

radial distribution of the axial fluid velocity should be taken into account to reconcile the effective 

heat transport parameters obtained from experiments with and without reaction. 

Introduction ,. . 

For a proper design of a wall-cooled tubular reactor an accurate knowledge of the heat 

tran~fer . properties of the catalyst bed . is required because of the high parametric sensitivity of 

the reactor behavior towards these parameter, especially at conditions near runaway. Nowadays 

most cooled tubular reactors are not designed on the basis of kinetic data and model 

calculations, but experiments are carried out using single tubes in pilot scale reactors at 

conditions similar to those if the industrial process. Previous studies of heat transport 

phenomena in wall-cooled tubular reactors have shown a discrepancy between the effective 

radial conductivities of the catalyst bed measured with and without reaction [ 1-4]. Schwedock 

[3] found that the effective radial thermal conductivity was about 50% higher in the presence of 

reaction than when no reaction occurs. Borman et al. [4] used partial oxidation of ethylene to 

ethylene oxide over a silverly-alumina catalyst in their work. The main disadvantages of this 

reaction system is its complicated kinetics, caused by the occurrence of complete combustion of 

ethylene as a parallel reaction, the large number of reactants that influence the reaction rate and 
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a slow deactivation of the catalyst. This investigation is a continuati6h iof their work using a 

more simple. reaction system. The oxidation of carbon monoxide , to carbon dioxide over a 

copper oxide catalyst supported on y-alumina has been chosen as model reaction. An advantage 

of this reaction is its large enthalpy of reaction of 283 kJ mole-1, which causes a large 

temperature increase at a small change in the composition of the gas mixture. The kinetics of 

this reaction was studied separately using an integral and an internal-recycle reactor. 

Reactor model 

The reactor model used is commonly referred to .. in literature as a 'two-dimensional 

heterogeneous model without axial dispersion', in which the heat and mass balance equations 

and their boundary conditions are the following: 

Heat balance 

. oTr 1 a ( oTr ) oTr ( ) Eprc r-=-- A r- -uprc r-+a. a T -Tr 
p, at r ar e,r ar p, az p s 

(1) 

(2) 

Mass balance component j 

(
' j ] j acj 1a . ac ac .. . 

E-f =-- DJ r-f -u-f +kJ a(cJ -cJ) 
at r or e,r ar az g s f 

(3) 

(4) 

z=O T=?o c=co (5) 

r=O BT =0 8c =0 (6) 
ar ar · , 

oT ac =O (7) r=Rt -1..e,r Ek= <lw (T-Tw) ar 
. ... . · . 

· A.e,r and aw are the effective radial thermal conductivity and wall heat transfer coefficient. All 

the transport parameters in the model depend on the physical properties of ~he fluid and the 
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solid and of the flow conditions inside the reactor. Dtr . is the effective radial dispersion 

coefficient of component j. The general form of correlations for the dependence of Ae,r on the 

systerp parameters is: 

(8) 

The static contribution Ar° depends on bed properties as particle shape and porosity, and on 
. ' 

the thermal conductivity of the solid and the fluid. Well-known are the predictive correlations 

of Yagi and Kunii [5] and Bauer and Schliinder [6]. The contribution of fluid flow, which is 

the result of mixing of fluid elements moving with different velocities, is usually expressed as 

function of the fluid Peclet number: ; 

')..,f Pe0 
_r =-h_. 
'l. 00 ' 
Af Peh,r 

(9) 

Peh,r is the Peclet number at fully developed turbulent flow and is a function of the tube-to-particle 

diameter ratio [7-9]. Distinguishing of heat conduction through the solid and the fluid phase, as is 

often made in literature, is not applied here. Direct heat transfer through the solid-solid contacts is 

usual1y of little importance and cannot be estimated accurately except for beds of particles of 

simple shape, consisting of certain materials, for which the contact area can be calculated [6]. 

Particle-to-particle heat transfer occurs mainly through the fluid phase in the interstices 

between the particles [ 1 O] and can therefore not be separated from the fluid-phase 

contribution. 

The wall heat transfer coefficient is usually expressed in the form of a wall Nusselt number as: 

(10) 
,·r 

with n2 close to 1/3 and n1 between 0.5 and 1. The flow-independent contribution C1 is often 

omitted. The wall heat transfer coefficient is also expressed as in the form of a Biot number, 

for which Dixon and Creswell [ 11] propose the following correlation: 

Bi= awRt = 1.5 N Re-0.25 

Aer 
' 

(11) 

Literature agrees on the fact that correlations for Nuw obtained by simultaneous 

. : ·optimization of Ae,r and aw to fit the model prediction to the expe~ental data differ greatly. 
_; i ,· ·. 

' One possible explanation, based on heat transfer investigations not discussed in this paper, is 
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the neglecting of the influence of the wall . roughness, which is recognized as an important 

parameter in heat exchanger design. It was found that the resistance of a quasi-stagnant fluid 

film at the reactor wall accounts for 70% for the total resistance to heat transfer for Re > 500. 

In case the distribution of the axial fluid velocity over the radius is non-uniform due to 

variation of the local porosity over the radius, Ae,r and De,r, as well as the fluid-to particle heat 

and mass transfer coefficient ap and kt will be a function of the radial position. 

Experimental 

Fluid and catalyst temperatures were measured by 32 thermocouples inside a 1 m reactor with 

an internal diameter of 53 mm. A scheme of the reactor is shown in Figure 1. The 0.5 mm type K 

thermocouples were fixed to a 'thermocouple ladder' placed inside the reactor tube prior to filling 

it with catalyst. The ladder consists of two 1 mm metal wires resting on the trough-shaped feed 

distributor, in between which crosses of glass-fiber reinforced poly-ether-ether-keton crosses are 

clamped. The thermocouples protrude 5 mm from the holes that are drilled in these crosses. Fluid 

temperatures were measured at 0, 8, 15, 21 and 25 mm from the centerline of the reactor at 6 axial 

positions. Close to the centerline, the temperature of a catalyst particle was measured by a 

thermocouple inserted into a 0.5 mm hole drilled in it. At 8 axial positions, a sample was 

withdrawn (100 ml min-1) for analysis of the fluid composition. The concentrations of CO and 

CO2 in the samples was measured by two infrared analyzers (Mayhak) put in series. The 

reactor feed consists mainly of air, which was supplied by a centrifugal compressor at a 

maximum flow rate of 600 NI min-1 at a pressure of 10 bara. The water content of the air was 

fixed at a concentration of 1400 ppm by passing it through a heat exchanger. After cooling, 

excess water is removed in two coalescing filters. Initially, air was dried using a dessicant 

dryer to achieve a wate~ content smaller than 20 ppm. It was found, however, that the catalyst 

activity could not be kept constant due to fast, reversible adsorption of these traces of water. After 

· a decrease in reactor temperature, the activity would slowly decrease. When exposing the bed to 

the maximum temperature of approximately 250°C, the original activity could be brought .back 

only partially over a period of several days. Since it is impossible to achieve the exact same 

conditions during catalyst pretreatment and during reactor operation· in the kinetic 
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Fig. 1. Pilot scale wall-cooled tubular reactor 

. reactors. and the pilot-scale tubular reactor, it was chosen to operate at constant air humidity, 

. at which the activity was found to be constant and reproducible. Deactivation by water is 

extremely fast. When deliberately .adding a few drops of water to the dry reactor feed, the CO 

, conversion and the maximum reactor temperature initially increased. This observation. can 

: , ,only be explained if the . water is absorbed almost instantaneously by the catalyst near the 

, inlet. This would cause so-called 'wrong-way behavior': A decrease in the reaction rate near 

~~ the entrance causes an increase of the concentration further downstream, where the 

:, temperature of the catalyst is still high. Here the reaction rate will temporarily increase, 

. causing the overall conversion to be higher than those of the steady states before and after the 

perturbation. 

After removal of the excess water, the air is passed ,through three columns filled with active 

carbon to remove organic contaminants. The flow of air and that of CO and COi (99% purity) was 

controlled by electronic mass flow controllers. Before the mass flow controller, CO was passed 

through a bed of SiC particles heated at 250°C to decompose any iron carbonyls present. When 

operating without this filter, deposition of rust-like material was found on the catalyst particles close 

to the reactor inlet. After mixing, the total flow rate is measured using an impeller flow meter. 
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Instead of relying on the mass flow controllers, the inlet concentration of CO was measured by 

analyzing the COi concentration in a sample of the reactor effluent after passing it through a small 

catalyst bed in which all CO is converted The reactor feed was preheated in a tubular oven and 

entered the reactor through a metal funnel. Just below the sieve plate covering this funnel, the fluid 

temperature was measured at 4 radial positions. The reactor wall was cooled by boiling water which 

pumped through the cooling jacket at 4 m3 h-1 using a centrifugal pump. By varying the pressure in 

the cooling system, the coolant temperature could be varied between 100 and 250°C with an 

accuracy of 0.3°C. At 4 axial positions, the wall temperature was measured by thermocouples 

inserted into capillaries welded into slits in the reactor wall. After pretreatment of the catalyst, which 

consisted of heating it at 500°C for 30 hours in dry air, the reactor was filled with 1.5 kg of it. The 

bed was then repacked by fluidization. The flow rate was slowly increased and decreased whilst 

vibrating the reactor using a pneumatically driven vibrator. During this process, catalyst particles are 

thoroughly mixed over the length of the reactor, as was observed in a glass reactor. A reproducible 

porosity of 042 ± 0.01 could be achieved when vibrating the reactor for one minute after abruptly 

stopping the air supply. The reactor setup was fully automated using a Hewlett Packard data 
. . ' ' ·. ! 

acquisition unit coupled to a PC. This allowed series of experiments at different flow rates, wall­

and inlet temperatures, concentrations and· reactor pressures to be performed automatically, whilst 

simultaneously safeguarding the setup using the control software. After changing a setpoint, steady 

state was assumed to be achieved when - after a minimum period- the slope of some relevant 

temperatures and concentrations versus time had become small enough. In case of no ch~cal 

reaction, the fluid temperature at the reactor inlet was approximately 50°C above the wall 

temperature. Despite the fact that the feed distributor was insulated from the reactor yvall, a non-
. . :. ' . 

uniform radial temperature distribution was observed at the inlet low flow rates. When. c~culating 
-·, . , ·.. . r ~- = . -: 

the effective heat transport parameters, this temperature distribution was used as boundary; ~ndition 
• • • • • • _i ~ .- • ! . 

at z = 0. Similarly, the measured wall temperature, which showed a slight increase, was used in the 
: ; -~ 7 

boundary conditions at the reactor wall. In experiments with chemical reaction, the inlet temperature 

was uniform and equal to the wall temperature. After changing the reactor temperature or pressure, 
. • ,. ,· '. r . . 

the reactor was flushed with air for a night to allow the water content of the catalyst to come at 
• '; • < •• 

equilibrium with that of the fluid. When applying this procedure, experiments performed at different 

concentrations were very well reproducible, as is shown in Figure 2. The CO conversion near the 

end of the reactor and the maximum temperature do not change when twice varying the C(? inlet 

concentration in the same manner over a period of 40 hours. Temperature and concentration profiles 
.,. ' ;'. . ·, : :::·'i . 

were found to be reproducible after repacking of the catalyst bed by fluidization, during which the 
•. : . ·-,:; 
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catalyst is redistributed over the reactor. This means ·that no change of the catalytic activity over the 

reactor length occurred, which could be caused by fouling or exposure to different temperatures. 
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Fig. 2. Reproducibility of experiments performed at Tin1e1=T wan= l 78°C, P=3 .8 hara, and a gas load of 

3.55 kg m-2 s-1• Shown are the maximum reactor temperature and CO2 concentration near the 

bed exit as fu~ction of the CO inlet concentration. Dashed lines are drawn through CO2 

concentrations measured at the same CO inlet concentrations, which shown no inclination with 

respect to the horizon axis. 

Catalyst properties and kinetics 

The used catalyst is a y-alumina extrudate containing 29 wt% copper (II) oxide. The particles 

have an average length of 11.5 mm and a constant diameter of 5.5 mm. An integral reactor with a 

length o_f 10 cm and an internal diameter of 8 mm, filled with a mixture of 2-5 wt°/4 crushed 

catalyst (0.2 mm) and silicium carbide particles of the same size was used to study the intrinsic 

reaction kinetics. Experiments were performed at temperatures between 130 and 240°C, pressures 

be~een 2 and 9 bara and fluid flow rates between 0.15 and 0.75 kgm-2s-1• The inlet 

concentrations of CO and CO2 were varied between 0.1 and 1.2 and between 0.1 and 1 vol% 

respectively. The overall reaction rate for the entire catalyst particles was measured in an internal 

recycle reactor, which is described in [12]. The reactor was modified in order to increase the 

maximum rotational speed of the impeller. In the original configuration, the catalyst pellets 

were placed inside the blades of the axial impeller used for mixing of the fluid in the reactor. 
i 

Duririg the experiments performed in this investigation, catalyst pellets with small (0.5 mm) 

holes were mounted on ~etal pins or thermocouples on ring just below the impeller. At this 

position, the mass and heat transfer rate between the fluid and the catalyst are smaller than in 
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the first case. The more important advantage is, . however, that the catalyst and fluid 

temperatures are known accurately, making it possible to .correct the measured reaction rate 

for particle-to-fluid heat and mass transfer limitations. In this reactor, experiments were 

performed at temperatures between 115 and 225°C, pressures between 2 and 8 bara and CO 

and CO2 concentrations between 0.2 and 1.4 vol%. Due to the large sensitivity of the catalyst 

activity to water, the same air was used as in the pilot-scale wall-cooled tubular reactor. The 

intrinsic kinetics of CO oxidation is described by the following Langmuir-Hinschelwood type 

of reaction rate expression: .· 

(12) 

(-E ) (-~Had ) k · = k0 · exp __ a · K • = Ko -exp s 
J J RT ' J · J RT 

Eq. (12) implies that CO reacts from the gas phase according to an Eley-Rideal 

mechanism. A distinction is made between CO2 which absorbs from the gas phase on an 

active site (K7 [CO2]) and CO2 that is present as a result of reaction of CO with adsorbed 

oxygen (k3/k.6 [CO]). This equation has been taken from [12], with an additional term to 

account for the influence of the water concentration; The reaction rate measured in the integral 

reactor was found to decrease with increasing reactor pressure. When using intra-particle 

diffusion limitation to account for this decrease, the average pore size should be unrealistically 

small. Water adsorption does seem the only plausible explanation for the influence ofpressure 

on the reaction rate. The overall reaction rate over the entire catalyst particles is affected by 

intra-particle diffusion limitation: 

(13) 

Cs and Ts are the concentration and temperature at the surface of the catalyst and Tl is the 

effectiveness factor, which is a function of the size and geometry of the catalyst particles, the 

internal pore structure and of temperature and pressure. The effectiveness factor is 

approximated analytically using a method.similar to that of [13], in which the particle shape is 

taken ,into account. 

· The effective diffusivities of CO and CO2 were calculated fron1 the pore size distribution 

measured by mercury porosimetry, combined with the results of permeation experiments 
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using helium. The effective diffusivity is the result of weighed contributions of the different 

pore sizes, assuming that the pores are in parallel. Figure 3 shows a parity plot of the 

calculated versus the measured conversion for all experiments in the internal recycle reactor, 

together with the values of the intrinsic kinetic constants. The obtained kinetics expression 

accurately describes the effect of different CO2 · inlet concentrations on the temperature and 

concentration profiles measured in the pilot-scale wall-cooled tubular reactor. 

Values of parameters in eq. 12: 
0.6 +10% 

ko,3 43 kg·ls-1 

,-... -10% -.!.- 0.4 

~ 
0 
Q 

~ 0.2 • 3.6 
Q 

· 5.7 

• 8.2 
0 

Ea3 33 kJ mole·1 

ko/k.o.-6 6.3•10'6 kg•ls-1 

E.TEa3 -49 kJmoie- 1 

Ko,1 2.0-10-9 kg·Is-1 

L'1H1 -79 kJmoie-1 

Ko,8 1.2· 10'6 kg•ls-1 

~Hg -60 kJmoie-1 

0 0.2 0.4 0.6 E. apparent 50 kJmoie-1 

meas. conv. (-) 
Average error 4% 

Fig. 3. Parity plots of the reaction rate of CO oxidation over entire catalyst particles after optimiz.ation of 

the constants in the expression of the intrinsic reaction kinetics. Ko,8 and Afl8 as in integral reactor. 

Results 

Experiments without reaction have been performed using 6 catalyst beds which were 

obtained by catalyst repacking by fluidization. A total of 113 experiments were performed at 

reactor pressures between 2 and 8 hara, flow rates of 0.1 to 5.5 kg m·2 s-t, wall temperatures 

between 100 and 200°C and temperature differences of 6 to 70°C. The effective radial 

• 'thermal conductivity and wall heat transfer coefficient were optimized to minimize the 

difference between the measured and the calculated temperatures as: 

n (T-calc -T-exp )2 

( ) L t· I 

f A. a. -e,r' w - . Tcalc _Tcalc 
t=l t=0 r=l 

(14) 

Figure 4 shows Ae,./A.r and Nuw as function the fluid Peclet number. The dashed lines in this 

figure are calculated by averaging the heat transfer parameters obtained for individual 

experiments, whereas the solid lines were obtained by using the entire set of experimental 
. .-,-

data. In the latter case, Ae,r and aw were assumed to comply with eqs. (8) and (11). 
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Fig. 4. Effective radial thennal conductivity and wall Nusselt number as function of the fluid Peclet 
number. Experiments after re-assembly of the thermocouple ladder are shown as different series. , · 

Both approaches agree very well, considering the non-linear differences between both 

averaging methods. Axial dispersion of heat, omitted in the balance equations, was found to 

be of negligible influence on the obtained heat transport parameters and on the target function 

of the minimization procedure. A possible influence of a radial velocity distribution cannot be 

detected when evaluating temperature fields measured without chemical, as was observed 

earlier by Borman et al. [13), who made a theoretical investigation using a two-region model. 

When applying a radial velocity distribution in eq. (1 ), assuming the fluid contribution to the 

effective radial thermal conductivity to be independent of the radial position, the wall heat 

transfer coefficient remains unchanged, whilst · A.~ changes proportionally to the ratio of the 

velocity at the centerline of the reactor and the average axial · fluid velocity. The shape of the 

radial temperature profile does not depend on the shape and extent of the velocity 

maldistribution. 

200 

8 .... 
~ 100 
~ ,, 

0 500 1000 
0 Peh (-) 

1500 0 500 1000 1500 
0 Peh (..-) 

Fig. 5. Effective radial thermal conductivity and wall Nusselt number from experiments with chemical 
reaction at COm=l vol%. Lines show the heat transfer parameters obtained by optimization of 
eqs. (8) and (11) to all experiments without chemical reaction. Pem=Peh. 
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Temperature and concentration profiles with chemical reaction have been measured at Re 

between 200 and 1400, reactor pressures of 3, 5.9 and 8 bara and CO inlet concentrations 

between 0.1 and 1.5 vol %. The wall- and inlet temperatures were the same and varied 

between 156 and 200 °C. The maximum bed temperature was 265 °C. A fair description of 

the measured temperature and concentration profiles was obtained when using the 

independently measured reaction kinetics and the heat transfer parameters measured without 

reaction. In the model, radial mass transport was assumed to be analogous to radial heat 

transfer, so that Pem,r = Peti,r-

The measured temperature difference between the fluid and solid phase did agree with the 

predictions for the fluid-to-particle heat and mass transfer coefficient taken from [15) and 

[16]. However, it was found that the effective heat transfer parameters are very sensitive to 

the reaction kinetics. Therefore, the reaction rate was optimized to match the measured 

conversion. This was done by multiplying constant ko,3 in eq. (12) by a constant. The used 

conversion is the maximum measured value smaller than 80%. The maximum change of the 

reaction rate with respect to the reaction rate measured in the kinetic reactors is rather small 

and corresponds to an error in the apparent activation energy of± 2.5%. Figure 5 shows the 

effective heat transfer parameters calculated for experiments at different pressures, wall and 

inlet temperatures and flow rates with a CO inlet concentration of 1 vol%. At low Pei, the 

values of Ae,r agree with the values measured without chemical reaction. At higher fluid 

velocities, however, the effective radial thenpal conductivity tends to become significantly 

smaller. After optimization of the transport parameters, the temperature profiles close to the 

inlet are underestimated, whilst the calculated temperatures after the hot spot are higher than 

measured. The discrepancy between the heat transfer parameters with and without reaction 

cannot be attributed to the neglecting of heat and mass dispersion in axial direction, since 

their influence on the calculated profiles is negligible at the applied fluid velocities. The use 

of a non-uniform radial velocity distribution is the most plausible reason for the discrepancy. 

The effect of such velocity distribution on the predictions of the model has been investigated 

by [ 14, 1 7-29]. Hennecke and Schliinder [ 17] and Hein [2 7] observed a significant 

improvement of their model's agreement with experimental data at low Re when including a 

velocity distribution. The most important effect of a decreased fluid velocity at the core of the 

bed is the increase in the ratio of the rate heat production by reaction and the rate of heat 

removal through convection. The reaction rate is affected only moderately affected by radial 

differences in the fluid velocity. Radial concentration differences are usually much smaller 
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than radial temperature differences and the reaction rate is much less sensitive ·to the 

concentration than it is to temperature. To improve our model, the porosity- and velocity 

distributions will be calculated according to Gies et al. [25], who experimentally investigated 

porosity and velocity profiles for packings of spheres. For cylindrical particles with a height 

equal to the diameter, the following correlation for the porosity is proposed: 

(15) 

in which Ew is the porosity at the wall and E the porosity at infinite distance from the wall, to 

be calculated from the known average bed porosity. For cylinders, Ew = 0.65 and C = 6. The 

velocity distribution over the radius is obtained assuming radial pressure gradients to be 

negligible. The radial velocity distribution for different values of Ew. u.-olUo was found not to 

depend on uo for 140 < Re < 1400. 

When applying the non-uniform radial porosity and velocity distributions, the dependence of 

A~ on r should be defined. The radial porosity distribution has two opposite effects. The increased 

porosity near the wall results in an increased fluid velocity and in a decreased tortuosity of the 

fluid path in between the catalyst pellets. These two effects oppositely influence 11,~ at high fluid 

flow rates. In accordance with [3] and [17], the effects are assumed to cancel each other, so that 

"-e,r is constant over the radius. The reaction rate and the fluid-to-particle heat and mass transfer 

coefficients are corrected for the radial porosity- and velocity distribution. It was found that, for 

constant ratio of the velocity at the core of the bed and the average fluid velocity, the model 

predictions are not sensitive to the exact shape of the velocity profile. Changing of the value 

of C in eq. (15) or even the assumption of full slip conditions at the wall does hardly affect the 

calculated concentration and temperature fields. 

200 100 

u(r)=uo 
.,, 

,....._ 

l I 
'-" 

~ 100 .] 
" z ~ 

0 0 

0 500 1000 1500 0 500 1000 1500 
0 Peh (-) Peh0 (-) 

Fig. 6. As Fig. 5, with radial distribution of the axial fluid velocity. C= 6, Ew= 0.75. ur=0= 0.85 lJo. Effective 

radial thermal conductivity in case of uniform velocity distribution is shown as dashed line. 
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Figure 6 shows the effective heat transfer parameters with and without chemical reaction for the 

· case Ur-<) = 0;85 Uo, corresponding to Ew = 0.75. This distribution was found to give optimum 

· agreement between the effective heat transfer parameters obtained with and without· chemical 

reaction. Ew = 0.75 is between the value suggested for the cylinders with a height-over-cliameter 

ration of 1 and the value recommended for spheres, which is 0.87. The improvement becomes 

more clear when lumping Ae,r and aw into an overall heat transfer coefficient U, which is the 

proportionality coefficient between the heat flux to the wall and the difference between the 

average bed temperature and the wall temperature. 

· With assumption of a radial velocity distribution, the results of the model are closer to the 

: experimental data, as is shown in Figure 7. The initial axial temperature gradient at the reactor 

inlet is not sensitive to radial heat transport, but is detennined mainly by the ratio of the heat 

production rate and the rate of heat removal through convection. When overestimating the 

velocity at the core of the reactor, the initial temperature is underestimated. As a result, Ae,r is 

decreased during parameter estimation, causing overestimating of the temperature after the 

· hot spot in the reactor. 
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Fig. 7. Temperature at r=O and CO2 concentration at r=O and r=Rt for experiments at different wall-
and inlet temperatures. Re=l 100, P= 8 bara, COm= 1 vol%. 

Conclusions 

Experiments 'perfonned in a pilot-scale wall-cooled tubular reactor using a wide range of 

operating conditions were evaluated using a two-dimensional heterogeneous reactor model. It 

was found that the assumption of a non-unifonn radial distribution of the axial fluid velocity 

improves the agreement between the effective heat transport parameters obtained from 

experiments with and without reaction and results in a better description of the measured 

temperature and concentration profiles. 
I 1 ... . 't.d,. 
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Notation 

a 

aP 
C 
C 

Cp 

dp 
d/, dp 
D 
Ea 
mads 

m, 
hp 
K# 
k 
kg 
n 
Peh,r 
R 
R; 
R1 
r 
rp 
T 
t 
u 
u 
Vp 

z 

Greek 

Up 

11 

p 

specific area per m3 of bed 
surface of a particle 
constant or dimensionless concentration 
concentration component j 
heat capacity 
particle diameter 
(volume-equivalent) particle diameter 
diffusion coefficient 
activation energy 
adsorption enthalpy 
reaction enthalpy 
length of a cylindrical particle 
adsorption constant 
reaction rate constant, order n: 
particle-to-fluid mass transfer coefficient 
constant or reaction order 
fluid Peclet number at fully developed turb. flow 
gas constant 
reaction rate i 
bed radius 
radial coordinate 
radius of a cylindrical particle 

. temperature 
time 
overall heat transfer coefficient 
superficial fluid velocity 
volume of a particle 
axial coordinate 

·molem-3 

Jkil Kl 
m 
m 
m2 s-1 

J mole-1 

Jmoie-1 

Jmoie-1 

m 
kf1 s-1 

mole(n>m3°kg-1 s-1 

m s-1 

8.3143 J mok1 K-1 

mole ki1 s-1 

m 
m 
m 
K 
s 
wm-2 K 1 

m s-1 

m3 

m 

particle-to-fluid heat transfer coefficient W m-2 K 1 

wall heat transfer coefficient W, m-2 K 1 . 

bed porosity . 
porosity at the wall and at infinite distance from the wall -
dynamic viscosity Pa s 
or: effectiveness factor 
effective radial thermal conductivity 
thermal conductivity 
static contribution to Ae,r 

dynamic contribution to Ae,r 

stochiometry constant 
density 

wm-1 K 1 

wm-1 K 1 

wm-1 K 1 

W m-1 K"1 

dimensionless groups 

Bi Biot number for heat transfer at the wall 

wall Nusselt number 

fluid Peclet number 

Peh.r fluid Peclet number for radial heat transport 
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Pem,r fluid Peclet number for mass heat transport 

Pr fluid Prandtl number 

Re Reynolds number 

sub- I superscripts 
0 average value at inlet conditions 
calc calculated 
e effective 
exp experimental 
f fluid 
h heat 

reaction number 
j component number 
m mass 
r radial 
s solid 
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Introduction 

The problem of environment protection both from emissions of mobile and stationary sources 

is the real challenge for world scientific community. The catalytic methods seem to be the 

best solution for this set of problems [1-2]. To date, however, there are no efficient catalysts, 

which operate at low temperatures for purification of gases from nitrogen oxides. To fill this 

gap we suggest to use innovative approach based upon development of principally new 

perovskite catalysts, and which requires interdisciplinary research unifying specialists in 

catalysis and solid state chemistry. 

Following the data [3-7], catalysts on the basis of perovskites are considered to be 

perspective. In connection with this, synthesis of perovskite catalysts with the general formula 

Ca1_xSrxF eO2.s+y and different x and y and investigation of their paramagnetic structure are of 

interest for determining the correlation of their parameters with catalytic activity in NOx 

decomposition. 

Experimental 

Ca1_xSrxFeO2.s samples were prepared by standard solid state technique. Stoichiometric 

amounts of CaCO3, SrCO3 and Fe2O3 (analytical grade) were ground and calcined in air at 

900°C for 12h. The samples were pelletized and heated in air at temperatures 1200°C (24h), 

1000°C {12h) and quenched thereafter in liquid N2• To remove the rest of the oxygen excess, the 

pellets of Ca1-xSrxFe02.s+y were placed into a quartz ampoule heated at 1000°C under dynamic 

vacuum (10 -2 Torr) for 6h and quenched under vacuum in liquid N2. [8] 

EPR spectra were recorded on modernized IRES-1001 Spectrometer operating_in 3-cm. 

wave band (in X-band), magnetic field modulation amplitudes were chosen to be 3E, the 

value of SHF microwave power was taken so that to avoid possible effects of saturation, the 

samples were ground in a porcelain mortar to 0.1-0.5 mm. 
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The sample amounts were 80-100 mg. For Cao5Sro.sFe03_0 sample, its amount was reduced 

to 15 mg due to its strongly pronounced ferromagnetic properties. The sample was placed into an 

ampoule of optical quartz, which was set into EPR spectrometer resonator to be measured. 

To record TPR spectra, a gas chromatograph equipped with heat conductivity detector 

was used. The catalyst sample was placed into a quartz reactor, which, in its turn, was inserted 

into an oven with the co~trolled rate of heating. After the reactor there was a trap with 

askarite for absorption of reaction products from the reaction mixture (H2O). 

8% H2-Ar (TPR) was used as a mixture, the heating rate was 8°C per minute. The rate 

of linear heating varied within 5-25°C/min. After carrying out the experiment by TPR, the 

sample was quenched to room temperature in H2-Ar mixture. 

Results and discussion 

Five samples of the following compositions: I-Cao_3Sro.1FeO2.s, II-Cao.sSro.sFeO2.5, 

III-Cao.1Sro_3FeO2.s, IV~ao.1Sro.3FeO3_0, V-Cao.sSro.sFeO3.0 were studied. This paper presents 

some preliminary results on the investigation of paramagnetic properties of these systems and 

search for correlations between their catalytic activity and EPR spectra parameters. It should 

be noted right away that for all these samples EPR spectra differ significantly. It is surprising. 

The t.hing is that the radii . of Ca and Sr atoms are practically equal, and these two elements 

very readily substitute one another in different compounds, e.g. in bone tissue and some 
.:' ;,, 

minerals. Therefore, it seems, one might have expected much identical in EPR spectra for a 

group consisting of the first three samples, and in the spectra of samples IV and V. 

EPR spectrum of Cao_3Sro.1FeO2.s sample has a complex rarely observed form. A wide line 

with the width t,,, H=900 Oe and g=2.028 may be marked out. Spin concentration for this line is 

N=l.7*1018 sp/g. Beside this line with a gradually increasing intensity up to the weakest fields 

there is a line, which may be regarded as bending around several lines having g-factors from 4.3 

to higher values. These lines may be caused by isolated Fe3+ ions, which are in the field of a 

quasi-rhombic symmetry (rhombic-like). EPR line with g=:2.028 appears due to interaction of 

Fe3+ ions, which are in the field of a slightly distorted octahedron. Beside these lines between 

components 3 and 4 of the spectrum of a bench sample of bivalent manganese there was detected 

a weak signal of a free radical nature with t,,, H=7.2 Oe and N=3.8*1014 sp/g. 

· ' · · The spectrum of Cao.sSro.sFeO2.s sample has a wide line too with t,,, H =1000 Oe and g=:2.021 

d~e to the interaction of Fe~ ions, which are in the field of a slightly distorted octahedron. Beside 

these lines in the spectrum there is a faint line with g=:4.2 and H=220rc due to isolated Fe3+ ions, 

which are in the field of low symmetry caused by ortho-rhombic distortions of the crystalline grid. For 
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this sample also one can observe a bending line but of much less intensity, several lines with small g-

factors. There is also a "free radical" line with Afl=7.2 Oe, but its intensity is five times less than it is 

for Cacl.3Sro.1Fe02.s sample. 
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.'°'\ I I I 
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Fig.1. EPR spectrum of Ca<uSr0_3FeO3_0 sample Fig. 2.EPR spectrum of Cao.1Sro_3FeO25 sample 

Cao.1Sro_3FeO2.s sample (Fig.2) is clearly non-unifom.1. EPR spectra of these samples for different 

parts of the plate have different intensity and fom.1. The most interesting feature of this sample is a 

superfine structure in the spectrum, interpretation of which is difficult at the present time. 

We consider it necessary to carry out a repeated synthesis of this sample. The total spin 

concentration for this sample is N=l.5*1018 sp/g. 

Spectrum of Cao.7Sr0_3FeO3_0 sample (Fig.I) consists of one wide, quite intensive line 

with AfI=1500 Oe and g=l.92. It may be caused by small clusters of Fe3+ ions, bounded by 

exchange interaction. Equivalent concentration of spins for this sample is N=4. l *1018 sp/g. 

Spectrum of Cao.sSro.sF e03_0 sample also consists of one intensive line w,ith .MI= 1100 Oe 

and g=l.90. This line is narrowed on account of stronger ferromagnetic exchange interactions. 

This allows to suppose that in this sample state with larger clusters ofFe3+ ions is realized. 

It is of interest to predict the catalytic activity of these samples on the basis of analysis 

of EPR spectra. Isolated ions of iron are considered to have a tendency to develop physical 
' 

adsorption and interaction between each other ions (g=2) exhibit chemosorption properties. It 

is also considered that iron ions with high values of g-factors have higher catalytic activity. On 

the basis of these analyses of EPR spectra of the five samples investi_gated one can come to the 

conclusion that Cao3Sr0_7Fe0i5 , Cao_5Sro5FeO2.s must have maximum catalytic activity. Minim_um 

catalytic activity may be expected for Cao.sSro.sFe03_0 sample. 

If we suppose that catalytic activity of these samples is directly related wt!h EPR signal 

intensity, the investigated samples may be aligned by catalytic activity as follows: 

C3o.3Sro.1Fe02.s>Cao.sSro.sFeOi.s>Cao.1Sro.3FeO2.s>Cao.1Sro.3Fe03_o>Cao.sSro.sFe03_0. 
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Fig 3. TPR spectra of two catalyst samples 

There is a possibility, however, that some peculiarities of the structure of these 

compounds may introduce corrections into this alignment. The samples of Cao.sSr0.sFeO3_0, 

Cao_5Sr05FeO2_5 catalysts were tested in the process of thermoprogrammed reduction (Fig. 3). 

Reduction of iron oxides by TPR method proceeds, as a rule, in two steps, first Fe3+ to 

Fe2+, then Fe2+ to Fe0 • These data are confirmed by X-ray phase analysis. Therefore, the first 

peak of TPR in the range 300-500°C is related with reduction of Fe3+ to Fe2+ evidencing the 

presence of these ions in the catalyst. Since the peak within 600-1000°C is significantly larger 

by area than the first one, iron in the catalyst is mainly in the · form of Fe2+ with a certain 

amount of Fe3+. These data are confirmed, for example, by EPR and 

X-ray phase analysis methods. 
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Abstract 

Monolith sorbents/catalysts that have potential · in simultaneous removal of H2S and NH3 

from hot fuel gas were developed. Preparation methodology and composition of supported 

honeycomb sorbents/catalysts, based on manganese oxides modified by Fe and Cu oxides, 

have been optimized. Impregnated and washcoated monolith catalysts were tested in ammonia 

high temperature decomposition and H2S sorption. Approaches for improving the thermal 

stability and catalytic activity under reaction conditions are described. 

Introduction 

An effective direct usage (e.g. high temperature turbines) of the gases, obtained in the 

Integrated Gasification Combined Cycle, is substantially limited, since those gases contain 

undesirable impurities, first of all, ammonia (up to 0.3 vol.%, [1]) and hydrogen sulfide 

(0.1-1.5 vol.%, [2]). Development of an effective monolith sorbents/catalysts that allow the 

high temperature abatement of . ammonia via its decomposition toward N2 and H2 . and 

simultaneous H2S sorption is the most promising way to solve this problem. 

It is known, that the most important processes for high temperature regenerative H2S 

removal use sorbents on the base of single or mixed-metal oxides, such as: ZnO [3], zinc 

ferrite [4], zinc titanate [3,5], CuO [6], MnO/y-AlzO3 [2,7] and FeO [8] or FeO/y-AlzO3 [2]. 

The sorbents usually provide H2S removal from the fuel gas to levels les·s than 20 ppm due to 

the sulfidation reaction. Manganese and iron oxides sorbents are preferable, since they can be 

regenerated by steam [2,7,8]. 

On the other hand, transition metal oxides - Fe2O3, CuO, Cr2O3, MnOx [9-12] are 

known to be the most active catalysts for ammonia decomposition. However, these bulk 

catalysts have low thermal stability and their selectivity in the reaction drops with temperature 

elevation. Deposition of these oxides on the supports allows to raise substantially their 

thermal stability under the reaction conditions [9]. 
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Published data allow to conclude that the oxides of transition metals Mn, Fe and Cu are 

the most perspective candidates for active components of the sorbents/catalysts for simultaneous 

cleaning of the hot coal gas from hydrogen sulfide and ammonia. Development of the 

sorbents/catalysts in the form of monolith increases their technical merit due to the easy operation, 

regeneration, low pressure drop, small dust and attrition sensitivity. Titania is widely used as a 

· support to improve thermal, mechanical and chemical ·. properties of the catalysts and sorbents 

[13], but its application in the form of honeycomb support is rather limited [12]. 

Individual Mn, Fe and Cu salts were used as the precursors to prepare monolith 

sorbents/catalysts based on titania honeycomb support and alumina-silica monolith 

washcoated with titania [12]. The monolith sorbents/catalysts combine high catalytic activity 

in the ammonia decomposition with acceptable mechanical strength of the monolith supports. 

It · was shown [12], that the iron- and copper-containing catalysts, prepared by the 

impregnation, exhibit higher activity and stable performance at high temperatures in 

comparison with the manganese oxides-containing samples, so that 95% and 80% of NH3 

conversion is achieved at 780-800°C, respectively, on monolith sorbents/catalysts, containing 

individual Fe, Cu and Mn oxides. Supported manganese oxide catalysts above 700°C show a 

high initial activity, but lose their activity in the temperature range 800-900°C due to a strong 

interaction with the monolith support material [14]. There are two ways to stabilize the 

monolith catalysts: modification of the monolith support, and introduction of modifying 

elements into the supported active component. 

This work is devoted to the study of physico-chemical properties of the manganese 

oxides-supported monolith sorbents/catalysts modified by Fe and Cu, and to their testing in 

ammonia decomposition and H2S sorption. 

Experimental 

Catalysts preparation 

The monolith supports were prepared by extrusion of the masses based on titanium 

. dioxide (anatase) or silica-alumina precursors followed by drying at 110°C and calcination at 

700°C in accordance with [12]. Ca-forms of mo~tmorillonite (denoted as Ca-f) were used as a 

. binder for preparation of the extrusion masses. The mullite-silica fibers (2 wt.%) were added 

to the extrusion mass for improvement of the mechanical strength of titania-based monolith . . 

. Monolith supports have diameter 18 mm, square channels l.5xl.5mm, wall thickness 1 mm. 

,: J'he physico-chemical properties of the samples are given in Table 1. 
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Preparation of the impregnated monolith catalysts 

The impregnated catalysts were prepared by wet impregnation of the TiO2-monolith supports -

(MS-1) with the aqueous solution of manganese nitrate (110 mg Mn/ml) with subsequent drying 

at 110°C and calcination at 500,. 700 and 900°C. To obtain manganese loading equal to 15 wt.% 

(hereafter calculated for Mn.Oz), the impregnation-drying-calcination procedure was repeated 

three times. 

The manganese-containing catalysts modified by Fe20 3 were prepared by impregnation 

of the Mn-catalyst by aqueous "8olution of the jron nitrate (112 mg Fe/ml) or iron (Ill) 

ammonium oxalate (56 mg Fe/ml), with subsequent drying at 110°C and calcination at 500, 

700, 900°C. Iron loading was 4-8 wt.% (hereafter calculated for Fe2O3). 

The manganese-containing catalysts modified by CuO were prepared by impregnation of the Mn.­

catalyst by aqueous solution of the copper nitrate (192 mg Cu/ml), with subsequent dtying at 110°C 

and calcination at 500, 700, 900°C. Copper loading was 4-8 wt.% (hereafter calculated for CuO). 

Table 1. Properties of the monolith supports. 

Composition of the 
Mechanical 

T, °C Ssp,m2/g Phase composition strength, 
monoliths 

kglcm2 

63%TiO2+35%Ca-fa>+ + 
700 86 TiO2(anatase) 

8 MS-1 2%MSF'> Ca-montmorilloniteb> 

75% alumina-silica 
700 '! 33 · AhO3"SiO2 +a-SiO2 19.5 MS-2 (clayl> + 25%Ca-f1> 

a) Ca-fmeans the Ca-form ofmontmorillonite with general formula Cao.2(Al,Mg)iSi40 10(0H)2• 4H20 . 

b) Product ofCa-montmorillonite dehydratation. 

c) MSF - mullite-silica fibers with diameter 0.25mm and length 10 mm, made in Russia, State Standard 

(GOST) 23 619-79. 

d) Obskaya clay- clay from Ob'river region (Russia), after calciriation at 500°C represents silica-alumina. 

Preparation of the washcoated monolith catalysts 

W ashcoated catalysts were prepared using the alumosilicate monolith supports (MS-2). 

Bulk MnO2 or Mn2O3, obtained by the decomposition of Mn(NO3)2, were mixed with TiO2 

and y-AlzO3 (as a binder), and a suspension based on this mixture was .prepared. After the 

suspension had been deposited on the monolith support, the catalysts were dried and calcined 
. . 

at 500, 700 and 900°C. Active component - Fe and Cu oxides 'were introduced into the 

washcoating by impregnation with Fe or Cu nitrate solutions. 

Preparation of the model catalysts 

The model Mn-containing catalysts on granulated TiO2 (anatase) and Ca-montmorillonite 

were prepared by procedure written above. Mn loading in these catalysts was 15 wt.%. 
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The bulk Mn02, Mn20 3, MnO were prepared by the decomposition of manganese nitrate 

at temperatures 300, 700.and 900°C respectively. 

The bulk MnTi03 and FeTi03 were prepared by the mechanical mixing of equimolar 

quantities of Mn(N03)2•4H20 or Fe(N03)3•9H20 and Ti02 '(anatase), with subsequent 

calcination at 800°C/8h in air and 900°C/2h in gas mixture 1 vol.% NH3 + helium. 

Activity test 

Reaction of ammonia decomposition was studied in a flow reactor within temperature 

range of 400-1000°C and space velocity of 1000 h:1• Ammonia concentration in the initial gas 

mixture was 1 vol.% in helium. Catalytic activity was defined as ammonia conversion (X, %) 

at the given temperature. 

The study of hydrogen sulfide sorption was carried out in a flow reactor at the 

temperature 700°C and space velocity 3600 h-1; hydrogen sulfide concentration in initial gas 

mixture was 2.8 vol.% in argon. The sorption capacity was determined as the amount of 

sorbed H2S in mmol ofH2S per 1 gram of the catalyst, or in wt.%. 

XRD (X-ray diffraction) characterization of catalyst samples was conducted with HZG-4 

diffractometer (Germany) using the Cu Ka radiation. The patterns were recorded over a range 

of20 angles from 10° to 60° with the sweep rate 1 °/min. 

Formation of sulfur compounds on the catalyst surface after hydrogen sulfide sorption was 

studied using a MAP-3 microanalyzer. The probe diameter was 1-2 min, the working voltage 

was 25 kW; The Al Ka, Ti Ka, Cu Ka, and S Ka were analytical lines. 

Results and discussion 

Testing of the catalyst activity in ammonia decomposition 
. :, . 

The dependencies of properties of the catalysts and their activity on the nature of active 

component (Mn, Fe, Cu), loading of the active component (5-20 wt.%), type of the stippott 

and calcination temperature have been studied earlier [12]. 

It was found [12,14], that manganese oxides deposited on the Ti02-monolith support (MS-1) 
. . 

and calcined at 700°C have rather high activity in NH3 decomposition (Sample 2, Table 2). At 
' . . 

740°C the NH3 'conversion is more than 80%. Considerable decrease of the activity for the . . 

samples is observed upon their exposure to the reaction mixture at temperatures above 750-800°C .. 

Then, NH3 conversion over these catalysts, preliminary calcined at 500 and . 700°C, decreases 

from 70-80% to 55% when the reaction temperature is above 850°C. The catajysts with 15 wt.% 

Mn, prepared on Ti02-monolith . and . preliminary calcined at 9oq0c (Sample 3, Table 2), 

demonstrate high conversion (up to 90%) only at the reaction temperature above 950°C. 
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Deactivation of the manganese oxide-containing catalysts calcined at 500 and 70Q°C may be 

explained by the chemical interac#on of the Mn oxides and the support materials resulting in the ~· . ,• .. 

fonnation of inactive phases of Mn cations with the Ca-montmorillonite (binder) or the titanium 

dioxide. Comparison of the initial phase composition of these catalysts {Table 2) and those after 

ammonia decomposition. done using XRD shows, that at the reaction conditions MnO2 and Mn2O3 

(initial active phase in samples 1, 2) were partially reduced with the fonnation of interaction phase 

of manganese oxides with TiO2. This interaction phase is a solid solution on the basis of hexagonal 

structure ofMnTiO3 with partial substitutionofTi+4 by Mn +J or At+3 (from binder). 

The phases similar to MnTiO3 are fonned after the calcination at 900°C of the catalysts 

based on TiO2-monolith with Ca-montmorillonite, and these catalysts are active only at the 

high temperatures (Sample 3, Table 2). Taking into account all the presented above, it is 

believed that P-Mn2O3 phase is more active than MnTiO3 phase in ammonia decomposition. 

To elucidate the nature of catalyst deactivation due to the interaction of the catalytically 

active Mn species with the material of monolith support, the samples of bulk MnO2, Mn2O3, 

MnO, MnTiO3 and special series of the samples, supported on granulated Ca-montmorillonite 

and TiO2 (anatase), were prepared. 

The manganese oxides supported on granulated Ca-montmorillonite (Sample 4, Table 2) 

after the operation at 900°C lose their activity to 55%. According to the XRD data, the active 

manganese oxide, P-Mn2O3, interacts with the support forming a solid solution similar to 

MnMn6SiO12• Because of the complicated composition of the products, which are formed 

upon the thermal decomposition of manganese oxides supported on Ca-montmorillonite, it is 

impossible to state exactly, that nature of montmorillonite affects on the deactivation of 

monolith catalysts at the reaction condition. 

For the impregnated 15% Mn2OyfiO2 catalysts (Sample 6, Table 2), the NH3 decomposition 

attains 100% conversion at 855°C. Operation of this catalyst under reaction mixture at 850°C 

within 1-2 hours leads to the transfonnation of active manganese oxide Mn2O3 into MnTiO3. 

It should be underlined, that the ammonia conversion curves for bulk MnO2 and Mn2O3 

are similar in the temperature range of 500-700°C (Fig. I). The conversion on these oxides 

reaches maximum value at 700°C (100%), but for MnO2 decreases. to 20% within 2 hours of 

operation at this temperature. At the reaction temperatures above 700°C, the ammonia 

conversion curve for bulk MnO2 is similar to that of MnO. l 00% NH3 conversion is achieved 

at 830°C. For bulk Mn2O3, ammonia conversion remains high (~100%) up to 900°C. In 

accordance with the XRD data for both precursors, the manganese oxides are reduced to MnO 
c- l . 
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and Mn30 4• In comparison with MnO, the ammonia conversion curve for bulk MnTi03 is 

,, shifting by 50°C into the high-temperature region. Therefore,the reduced forms of manganese 

, -0xide, such as MnO and MnTi03 ( or solid solution on the basis of MnTi03), which are 

• thermodynamically stable at high temperatures, can be considered as the active components in 

NH3 decomposition at temperatures above 700°C. 

Table 2. The properties of Mn-containing (15 wt.%) catalysts in ammonia decomposition 

N Catalyst Properties of fresh catalyst 
calcination T, °C 

Ssp, XRD composition 
m2/g 

1. MnOi/ 93 Anatase 
(Ti02+Ca-fl')/ Mn02 

500 
2. "-"-"/700 42 Anatase 

P-Mn203 
3 "-"-"/900 0.8 Rutile 

MnMn6Si012 *** 
4 MnOi/Ca-f /700 3.6 a-Si02 

Ca-montmorill**** 
B-Mn203 

5. "-"-"/900 0.7 Ca(Al,Si)2Si20s + 
Mn Mn6Si012*** 

6 Mn02/Ti02 /700 11 Anatase (~85%) 
Rutile (~15%) 
B-Mn203 -

7 "-"-"/900 0.8 Rutile 
MnTi03 

*) Ca-fmeans Ca-forrnofmontmorillonite 

**) hexagonal structure, like MnTiO3 

NH3 conv., %, at Properties after reaction 
temperature, 0c 
800 900 Ssp, XRD composition 

m2/g 

75 55 11 Anatase + rutile = 3: 1 
Mn(Ti,Al,Mn)03 ** 

60 60 6,8 Anatase + rutile== 2: 3 
Mn(Ti,Al,Mn)03 ** 

15 35 0.7 Rutile + Mn Mn6Si012 

Mn(Ti, Al,Mn)03 ** 
45 55 0.6 a-Si02 Ca(Al,Si)2Si208 

MnMn6Si012 

40 60 0.2 a-Si02 + Ca(Al,Si)2Si20 8 

Mn Mn6Si012 *** 
85 100 4.1 Rutile 

MnTi03 

50 95 0.5 Rutile 
MnTi03 

***) structure, lµce Mn M~ SiO12, with substitution of the part of Mn-cations by si4+. 
****) product of Ca-montmorillonite dehydratation 
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Fig. 1. Ammonia conversion vs temperature over bulk Mn02 (■)~ Mn20 3 (e), MnO (Cl), MnTi03 (~). 
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There are two ways to stabilize the monolith catalysts: (1) modification of the monolith 

support, (2) introduction of modifying elements in the supported active component. fu this 

work the second way is considered. To stabilize the impregnated manganese-containing 

catalysts, 4-8 wt.% of iron oxide . were introduced into the supported active component. The 

modified catalyst with 7-8 wt.% of Fe203 demonstrates high activity and stability at elevated 

temperatures. It is seen from Fig.2, that ammonia conversion over the manganese-containing 

catalyst, modified by 8 wt.% Fe203, is reduced from 94% to 73% at 860°C. For comparison, 

ammonia conversion for the unmodified catalyst is decreased to 46% at thls temperature. 

According to XRD data (Table 3) interaction of Fe203 and Mn203 with the support material, 

namely Ti02, resulting in the formation of solid solution with the hexagonal structure similar to 

(Fe, Mn)Ti03 is observed for all the studied modified catalysts after testing in NH3 

decomposition. 

The symbasis of Ti Ka, Mn Ka and Fe Ka profiles, which were obtained for the 

modified catalyst using X-Ray microanalysis, indicates the interaction of Mn and Fe 

oxides with Ti02 (Fig. 3). It should be emphasized, that the interaction of these components 

occurs in the initial catalyst (Fig. 3A), and is strengthened in catalyst after ammonia 

decomposition test (Fig. 3B). 
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Fig. 2. Stability of 15%MnO2 (O), (5%Fe2O3+15%MnO2) (Q), (8%Fe2O3+15%MnO2) (■) catalysts 

prepared on MS-1 upon ammonia decomposition at 860 °C. 
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Fig. 3. Intensity of Al Ka (1), Ti Ka (2), Mn Ka (3) and Fe Ka (4) radiation for 8%Fe2O3+15%MnO2 

catalyst prepared on MS-1: initial (A) and after NH3 decomposition testing (B). 

As it is illustrated in Fig.4, the specially prepared bulk FeTiO3 demonstrates higher 

catalytic activity and stability in ammonia decomposition at temperatures above 600°C than 

bulk MnTiO3. For instance, temperatures at which 50% ammonia conversion is achieved are 

540°C and 790°C, respectively, for FeTiO3 and MnTiO3. It should be pointed out that, as it is 

shown in Fig. 4, catalytic activities of bulk FeTiO3 and pure a-Fe2O3 are the same at 

temperatures above 600°C. Accordingly, it is believed that high activity and stability of the 

modified catalysts at elevated temperatures are provided by the formation of phase FeTiO3 

under the reaction conditions. 
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Fig. 4. Ammonia conversion vs temperature over bulk Fe2O3 (Cl), FeTiO3 (■), MnTiO3 (e). 

156 



OP-20 
The mam goal of this work is the development of optimal · catalysts for .. the 

simultaneous ammonia and H2S removal from hot coal gases. In order to combine high 

efficiency of the s:ystems on the basis of iron and copper oxides in ammonia decomposition, 

and higl(ac\ivity of.tlie manganese-containing catalysts in regenerative hydro~en sulfide removal, 

the samples with two active components were synthesized by the impregnation of monolith 

support. The properties of catalysts based on Fe-Mn- or Cu-Mn-oxides are presented in Tables 3 

and 4. Temperature at which 90% NH3 conversion is achieved on the Cu-Mn-oxides impregnated 

catalysts was about 790-810°C. System on the basis of manganese oxide doped with iron 

oxide (8 wt.%) is the most active catalyst. 

It should be noted, that XRD data of all the spent catalysts show that NH3 

decomposition on the oxide systems is accompanied by the partial or complete reduction 

of the active component, and its interaction with the support, resulting in the formation 

of hexagonal structures like MnTiO3 or FeTiO3 (Tables 3 and 4). In the case of Cu 

oxide-containing catalysts, reduction of the CuO and spinel structure like CuMn2O4 into 

metallic state (Cu0 ) at the reaction conditions was observed. 

Table 3. Properties of Mn-Fe-containing monolith catalysts 

N Catalyst Initial properties Activity in NH3 Properties after reaction 
calcination T, °C decomposition 

Ssp, Phase composition T5o%, Tmax conv., °C Ssp, Phase composition 
m2/g oc (% conv.) m2/g 

Impregnated catalysts* 
1 8%Fe2O3 (N) + 58 IAnatase 690 790°c (90%) ki.O !Rutile, Anatase (tr) 

15%MnO2 /500 rJ-Mn2O3, D<Snm (Fe, Mn)TiO3*** 

ia-Fe2O3, D<Snm 
~ 8%Fe2O3 (0) + 49 IAnatase 720 760°C (85%) 7.2 !Rutile, Anatase (tr) 

15%MnO2/500 rJ-Mn2O3, D<Snm (Fe, Mn)TiO3*** 
~-Fe2O3, D<5nm 

3 -"-"- /700 33 IAnatase 725 845°C (80%) 3.2 · Rutile, Anatase (tr) 
rJ-Mn2O3, D<20nm Fe, Mn)TiO3*** 
Fe(Fe,Mn,Ti)O3** 

~ -"-"- /900 0.2 Ruti1e 810 985°C (95%) Kl llutile 
(Fe,Mn)TiO3 *** FFe Mn)TiO *** 

' ' 3 
. MnMn5SiO12 

W ashcoating composition 
5 60%TiO2+ 155 Anatase 550 800°C (100% ) ~4 Rutile(70%) 

17%AlzO3 + MnO2 
' 

Anatase (30%) 
15%MnO2 + a-Fe2O3 FeTiO3 

8%Fe2O3 /500 Fe(Fe,Al)O3** ' FMn,Fe)(Al,Ti)O3*** 

6 -"-"- /700 73 IAnatase 575 7 50°C (100% ) 19 1Rutile(70%) .. 

Mn2O3 !Anatase (30%) 
.. ~-Fe2O3 1FeTiO3 

Fe(Fe,Mn,Al)O3 ** (Mn,Fe)(Al,Ti)O3*** 
*) For the preparation of impregnated catalysts was used monolith support MS-1. Samples 1 and 2-4 were 

prepared by impregnation of Mn-catalyst by Fe-nitric solution and by Fe-annnonia-oxalate solution, 

respectively.**) hexagonal structure, like a-Fe203; ***) hexagonal structure, like MnTi03 
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Table 4. Properties of Mn-Cu-containing monolith catalysts 

atalyst 
alcination T, 
C 

1 8%CuO(N)+ 
· t 5%MnO2 /500 

hase composition . 

56 atase 
nO2, D<30 nm 
uO,D<20nm 

operties after reaction 

hase composition 

5.6 atase 
nTiO3 

u0 , D>40nm 
8%CuO(N)+ 
15%MnO2 /700 · 

23 700 820°C (90%) 5 .5 atase 

3 8%CuO(N)+ 
15%MnO2 /900 

0%TiO2+ 
17%A)iO3 + 
15%MnO2 + 
8%CuO/700 

3 800 900°C (75%) 2.4 
nTiO3 

uMn2O4 
Washcoating com osition** 

54 atase, y-AlzO3 725 775°C (100%) 27 
J3-Mn2O3 
Cu,Mn)[ Al]zO4 b) 

nTiO3 
u0 , D >40nm 
utile 
nTiO3 
u0 , D >50nm 

5 60%TiO2+ 15 utile, a-Al2O3 560 700°C (100%) 1.8 utile+ a-AliO3 

17%A}zO3 + (Cu,Mn)[Al]zO}l n(Mn,Ti)O3a> 
15%MnO2 + Cu,Mn)[Al]iO}l 
8%CuO /900 u0 

*) For the prepatatiori of impregnated catalysts was used monolith support MS-1. Samples 1-3 were prepared by 

impregnation of Mn-catalyst by Cu-nitric solution. **) For Samples 4, 5, CuO was introduced via impregnation 

of60%TiO2+ 17%A{iO3 + 15%MnO2 by Cu-nitric solution; 

a) hexagonal structure, like MnTiO3; b) structure, like CuMn2O4 

Washcoated monolith catalysts 

To optimize compositions of the washcoated monolith catalysts, bulk samples of the 

washcoating precursors have been prepared and tested. As it is indicated in [12], the activity 

of manganese oxide-containing washcoating materials and of washcoated catalysts is rather 

:high. For example, JOO% of NH3 conversion is achieved at 850-900°C for all the bulk 

· samples of washcoating precursors. The most active among the bulk manganese-containing 

washcoating_ compositions was the sample, in which MnO2 was introduced as a bulk oxide. 

For the manganese-containing washcoating material, higher conversion of ammonia is 

observed at lower temperatures than that for the impregnated catalysts. 

Our intentions were to improve these compositions by modifying them with iron or copper · 

oxides. The . modification of manganese-containing washcoating . composition 

65%Ti0i+l5%Mn0i+20%Ab03 by Fei03 leads to the substantial increasing of its activity. For 

. exa.mple, the temperature of attaining of 100% NH3 conversion (T1oov0) was 870°C and 720°C for 

unmodified and modified catalysts, respectively (Fig. 5). The effect of CuO additives on the activity 

of washcoating composition 65% TiOi+ 15%Mn0i+ 20%AbOJ ~as weaker (T 10011,1, = 780°C, Fig. 5). 

158 



OP-20 
The effect of Fe2O3 and CuO additives on the activities of washcoated catalysts 

prepared on alumosilicate (MS-2) or cordierite (Coming, 400 cell/inch) monolith was less 

pronollllced (Fig. 6). For example, temperature of 95% NH3 conversion was 870°C, 760°C and 820°C 

for unmodified, modified by FeiO3 and CuO catalysts, respectively, in case of MS-2 monolith. The 

modification effect of CuO additives was smoother when using the cordierite (Fig. 6B) 
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Fig. 5. Ammonia conversion vs temperature over bulk washcoating materials calcined at 700°C. 
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Fig. 6. Ammonia conversion vs temperature over washcoated monolith catalysts based on alumosilicate 
(A) and cordietite (B) after calcination at 700°C: 
0-15%Mn2O3+20%AhO3+65%TiO2; 
■ -8%Fe2O3+ 15%Mn2O3+ 17%A}iO3+ 60% TiO2 ·, 
e-8%Cu0+15%Mn203+17%Ah03+ 60%TiO2 

Testing o(the catalyst in hydrogen sulfide sorption 

The samples chosen in accordance with the results of catalytic activity tests in the ammonia 

decomposition have been tested in the hydrogen sulfide sorption. All experimental data are 
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presented in Table 5. The sorption capacities of pure monolith support MS-I and impregnated 

catalyst containing only 15%MnO2 are presented in Table 6 for comparison. The sorption . . . ~ 

capacity of original monolith support MS-: f , achieved 1.3 wt.%, which can b_e explained. by the 

presence of 2 wt.% CaO and l.8wt.% Fe2O3 as admixtures in Ca-montmorillonite, .used as the 

binder. It has been found, that the sorption capacity of impregnated Mn-containing catalysts , on 

TiO2-monolith support depends on the Mn. content. The incr~ing of Mn content from 5 wt.% to 

20 wt.% leads to the proportional rise ofsorption capacity from 1.6% to 6.3 wt.%. 

The sorption capacities of the · impregnated catalyst and bulk washcoating material, 

containing simultaneously 15%MnO2 and 8%Fe2O3, were 6.8 and 6.0 wt.%, respectively. 

These data are in a good correlation with those previously reported by Bakker [3]. By means 

of the XRD analysis formation of the MnS and Fe1-xSx phases was detected. 

Sorption capacity of the Mn-containing catalyst modified by 8 wt.% CuO was similar to 

unmodified catalyst. The sorption capacities of the impregnated catalyst and bulk washcoating 

material, containing simultaneously 15%MnO2 and 8%CuO, were 6.1 and 4.4 wt.%, 

respectively. By means of the XRD analysis, formation of the MnS, Cu2S and CuS phases 

was detected for the impregnated catalyst. 

The sul~datfon degree of supported oxides, calculated from the ·· stoichiometric 

reaction for all the studied catalysts, was estimated to be around 70%. Thus, it is believed that 

part of the active component may remain in the forms of Mn, Fe and Cu oxides, although this 

fact was not confirmed by the XRD analysis. 

The increase of calcination temperature of Mn-containing catalyst modified by Fe2O3 

up to 900°C leads to the substantial reduction of H2S sorption capacity. Similar decrease of 

the sorption capacity (to 1.4 wt.%) was observed for this catalyst after testing in NH3 

decomposition. It should be noted, that sorption capacity of the catalyst modified by CuO 

after testing in NH3 decomposition was close to zero. 

Testing of the catalyst in ammonia decomposition after hydrogen sulfide sorption 

The catalysts after hydrogen sulfide sorption were tested consequently in ammonia 

decomposition reaction. As it can be seen from the data of Table 5 samples exhibited the 

activity equal to the activity of fresh catalysts, or even higher. These results can ·be explained 

in terms of formation of partially reduced iron and manganese cations, which are known to be 

more active in ammonia decomposition [l]. 
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Table 5. Properties of monolith catalyst~ in the H2S sorption 

Catalyst/ calcination Testing H2S sorption at 700°C 
T, °C 

sorption _ Ssp, XRDphase 
capacity t m2/g 
mmol/g) 
(wt.%) 

MS-l/ 700 0.4 62 Anatase 
(1.3 %) a-SiO2 (tr) 

.Ca-montma (tr) 
15%MnO2/*700 1.7 18 Anatase+rutile 

(5.8%) MnS 
8%Fe2O3 + 2.1 15 . Anatase+rutile 

l 5%MnOz/*700 (6.8 ,%) MnS 
Fe1-xS 

8%Fe2O3 + 0.4 1.5 Rutile 
l 5%MnOz/*700 (1.4%) MnS 
after NH3 test 

8%CuO+ 2.7 5.4 Anatase+rutile 
15%MnO2/* 700 (6.1 %) MnS 

CuS, Cu2S 
8%CuO+ 5.5 Rutile 

15%MnOz/* 700 (0.2%) MnS 
after NH3 test 

.. 60% TiO2+ 1.9 34 Anatase 
I7%AhO3+ (6.0 %) MnS 
15%MnO2+ Fe1-xS 

8%Fe2Oi** 500 

60%TiO2+ 1.4 54 Anatase 
17%AlzO3+ (4.4%) MnS 
15%MnO2+ y*-AlzO3 

8%CuO/** 700 

*) Impregnated catalysts on the basis of monoliths support MS-1 

**) Bulk washcoating material 

a) Ca-montmorillonite 

OP-20 

Testing in NH3 decpmposition after . 
H2S sorption 

Tso% Tso% XRDphase 
before, after, 

oc ,; oc 

Anatase 
725°c 640°C a-SiO2 (tr) 

780°C 110°c Anatase+rutile 
MnS 

Anatase+rutile 
725°c 670°C MnS 

Fe1-xS 
- . -

Anatase+rutile 
740°c 750°c MnS 

CuS 
- - -

Anatase 
575°c 625°C MnS 

Fe1-xS 

725°c 110°c 50%Anatase 
50%Rutile 

MnS 
y*-AhO3 

· The Mn-containing catalyst modified by Fe203 after testing in H2S sorption was 

studied by X-Ray spectral .microanalysis. The investigation of modified catalyst demonstrated 

that the catalyst · after · H2S sorp.tion test contains about · 20 wt.% S; In this case sulphur is . 

chemically bonded with Mn and Fe cations, that is proved by the ~ymbasis of S Ka, Mn Ka, 

Fe Ka profiles (Fig. 7 A). The catalyst after subsequent testing in H2S sorption and NH3 

· decomposition contains negligible amount of sulphur chemically bonded with Mn and Fe 
. . 

· cations (not presented ifr,Fig, :7).;The catalyst after subsequent testing in NH3 decomposition 

and H2S sorption contains negligible amounts of both the sulphur chemically bonded with Mn ·· 
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and Fe cations and of the elemental sulphur (Fig. 7B). Thus, two · parallel reactions: H2S 

sorption and decomposition take place on this case. · 
IV' 
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Fig. 7. Intensity of Al Ka (1), Ti Ka (2), Mn Ka (3), Fe Ka (4) and SKa(S) radiation for 

8%Fe20 3+15%Mn02 catalyst prepared on MS-1: A) after H2S sorption test; B) after subsequent 

testing in NH3 decomposition and H2S sorption. 

Conclusions 

The introduction of 4-8 wt.% Fe or Cu oxides into Mn-containing catalyst allows to 

improve thermal stability at high reaction temperatures and catalytic performance. 

Under the reaction conditions the manganese oxides (Mn02 and '3-Mn203) interact with 

support (Ti02), which results in the formation of pure or partially substituted hexagonal 

structures, like MnTi03. The similar phenomenon was observed for the Fe oxide-containing 

·catalysts, where a-Fe20 3 transformed to FeTi03. In the case of Cu oxide-containing catalysts, 

•reduction of CuO into metallic state (Cu°) under the reaction conditions was observed. The 

investigation of bulk MnTi03, FeTi03 and the special series of samples supported on 

, granulated Ca-montmorillonite and Ti02 allows to understand the reason of high temperature 

. ~eactivation of the impregnated manganese oxide catalyst. It has been found, that bulk 

FeTi03 has higher catalytic activity and stability in the ammonia decomposition at 

temperatures above 600°C, than bulk Mn:Tio3. The obtained data indicate, that high activity 

and stability of the modified catalysts at elevated temperatures is provided by the formation of 

active phase (Fe,Mn)Ti03. · 
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The monolith catalysts based on Fe2O3+MnO2 active component seem to be the most 

preferable among studied systems, since they possess the highest catalytic activity at lower 

temperatures and are the best sorbents for H2S removal. 
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Reduction and conversion of defense industries in Russia have made extremely 

important the issues of development and implementation of environmentally safe and 

efficient technologies for liquid rocket fuel utilization. One of the most topical problems 

is development of the process for neutralization of 1, 1-dimethylhydrazine (CH3)2N-NH2 

( or unsymmetrical dimethylhydrazine - UDMH, technical name - "heptil"), by itself 

representing,. a highly toxic and explosive substance. 

The Boreskov Institute of Catalysis (BIC) in collaboration with the State Rocket Center 

"/\cademician V.P.Makeyev Design Bureau" and other institutions has developed a new 

environmentally safe method for UDMH destruction by means of the complete catalytic oxidation 

to harmless products (COz, H2O, N2). In order to destroy UDMH, it is suggested to use a 

combination of methods of oxidation in the reactor with fluidized catalyst bed and liquid-phase 

catalytic oxidation ofUDMH traces in the scrubber fluids of gas purification units (1,2]. 

A study of UDMH vapor oxidation by air has been conducted at BIC in the laboratory 

kinetic setup on different solid catalysts, including oxide catalysts IC-12-73 

(CuxMg1-xCr2OJy-AhO3), IC-12-74 (Fe2OJ/y-AhO3), IC-44 (Fe2O3+Cr2O3+ZnO), noble 

metal catalysts AP-64 (0,64%Pt/y-AlzO3), 0,5%Pd/y-AlzO3, 32,9%Ir/y-AlzO3, and catalysts of 

other . types: modified zeolite Cu/(ZSM5+TiO2+Alz03)/AlzO3-SiO2 and P-SiJN4. The 

temperature dependencies of various product concentrations have been examined. The 

reaction intermediates were identified, and a possible mechanism of UDMH catalytic 
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oxidation has been suggested. The catalysts and process conditions, allowing to achieve the 

complete oxidation of UDMH to CO2, H2O and N2 with minimal concentrations of nitrogen 

oxides formed, were selected. Also the study of catalysts for UDMH oxidatfomin the aqueous 

solutions has been conducted, and selection of the most efficient catalysts was done [3]. 

In this communication we present some results of the experiments with , catalysts 

IC-12-73 (CuxMg1-xCr2OJy-AlzO3), IC-12-74 (Fe2OJ/y-AlzO3), AP-64 (0,64%Pt/y-AhO3) and 

modified zeolite Cu/(ZSM5+TiO2+AlzO3)/AlzO3-Si02. These experiments were conducted 

under the following conditions: catalyst temperature · 200-400°C, C(UDMH) in the initial 

reaction mixture 0,55 ± 0,05 mmol/L (1,2 ± 0,1 vol.%), catalyst loading 1 cm3, catalyst 

fraction 0,25-2 mm, reaction mixture gas hourly space velocity (GHSV) 7200 h-1. 

It was found that the most active catalysts for UDMH deep oxidation to CO2 are 

IC-12-73 and AP-64, while catalysts IC-12-74 and Cu/(ZSM5+TiO2+AhO3)/AhO3-SiO2 can 

be used for UDMH deep oxidation only at the temperatures above 400°C. In the case ofIC-12-73, 

noticeable increase of conversion to CO2 begins at 200°C, and at the temperatures above 

300°C practically complete UDMH transformation into the deep oxidation products CO2, H2O 

and N2 is observed. For all the studied catalysts, at 200-300°C, along with the products of 

deep oxidation, a number of intermediate products forming from UDMH were revealed on the 

chromatograms, among them methane CH.i, dimethylamine (CH3)2NH, 

methylenedimethylhydrazine (CH3)2N-N=CH2, dimethyl ether (CH3)2O, 1,2-dimethyldiazene 

CH3-N=N-CH3, acetonitrile CHrC=N, dimethylformamide (CH3)2N-COH, 

dimethylnitrosoamine (CH3)2N-N=O. It was determined, that the most toxic product 

dimethylnitrosoamine is usually formed only at the low temperatures near 210°C, and is 

absent at the temperatures above 400°C. 

The highest NO concentrations are formed on AP-64 catalyst, while the lowest - on IC-12-74 

and IC-12-73 catalysts. Cu/(ZSM5+TiO2+A}zO3)/AlzO3-SiO2 catalyst demonstrates rather 

high C(NO), however it becomes lower at the temperatures above 360°C. In summary, IC-12-73 

catalyst exhibited the best results of UDMH oxidation to CO2, and low selectivity of nitrogen 

oxides formation [2]. Consequently, this catalyst was selected for the usage in fluidized bed 

reactor of the pilot plant for catalytic destruction ofUDMH. 
. ' . 

Based on the studies conducted, a pilot plant for UDMH catalytic destruction with a 

capacity of 10 tons/year was developed and fabricated. In this plant, the adjustment and 

optimization of the process ofUDMH catalytic destruction was carried out. 

165 



: QP-21 
. . References 

1. , Z.R.Ismagilov, V.N.Parmon, M.A.Kerzhentsev et al, Proc. Scientific and Technical 

Seminar "Problematic Questions in the Methodology of Utilization of Composite Solid 

Rocket Propellants, Wastes and Residues of Liquid Rocket Propellants in the Elements of 

Rocket and Space Technology", Federal Research and Production Center "Altai", Biysk, 

Russia, November 16-17, 1999, p.13 (in Russian) 

, 2. V.N.Parmon, O.P.Pestounova, G.L.Yelizarova et al, Proc. Memorial Pro£ V.V.Popovskii 

. Conference "Regularities of the Deep Oxidation of Substances on the Solid Catalysts", 

.. Boreskov Institute of Catalysis, Novosibirsk, Russia, May 22, 2000, p.235 (in Russian) 

3. O.P.Pestounova, G.L.Elizarova, Z.R.Ismagilov et al, Abstr. 3rd European Workshop on 

E,nvironmental Catalysis "Environmental Catalysis - a Step Forward", Maiori (Amalfi 

Coast), Italy, May 2-5, 2001, p. 137 . 

Acknowledgements 

The authors would like to thank the International Science and Technology Center 

(ISTC, Moscow, Russia) for the financial support of this work (Project No 959), and Dr. 

V.A.Rogov (BIC) for the assistance with GC/MS analysis of some of the UDMH partial 

oxidation products. 

'166 



OP-22 
MATHEMATICAL MODELLING OF OSCILLATORY BEHAVIOUR DURING 

N2O+H2 REACTION OVER IR (110) 

N.V. Peskov, M.M. Slinko*, Sonia A. C. Carabineiro**, Bernard E. Nieuwenhuys** 

Moscow State University, Department of Computational Mathematics & Cybernetics, 
Moscow, Russia 

*Institute of Chemical Physics, Moscow, Russia 
** Leiden University, Leiden Institute of Chemistry, · Surface Science and Catalysis, 

Einsteinweg 55, 2333 CC, Leiden, The Netherlands · 

1. Introduction 

Oscillatory behaviour during the No+H2 reaction has been widely studied over Pt, Rh and 

Ir single crystal surfaces and a review of these studies can be found in ref [l]. The reaction of 

No+H2 was the first oscillatory system, where the problem of the understanding of oscillations in 

selectivity was arisen. Two of three possible products, namely N2 and NH3 were oscillating with 

different phase shifts for various single crystal surfaces. While for Pt(l00), Ir(lOO) and Ir(510) N2 

and NH3 were oscillating in phase, there was the phase shift between the N2 and NH3 production 

rates over Rh(ll 1), Rh(ll0), Ir(ll0) and Ir(210) single crystal surfaces. Mathematical modelling 

was used to understand the mechanism of the non-linear behaviour of the No+H2 reaction over 

Pt(lOO) [2,3,4] and Rh(533), Rh(l 11) [5] single crystal surfaces. It was demonstrated, that the 

anti-phase oscillations in the N2 and NH3 production rates could be explained on the basis of the 

character of the lateral interactions between adsorbed species [5]. 

Less studies were devoted to the N2o+H2 reaction over noble metal surfaces and only 

recently self-sustained reaction rate oscillations in this system were discovered over the Ir(l 10) 

surface [ 6]. The oscillatory behaviour was found in the narrow temperature range between 460 K 

to 464 K at a N20 pressure of 10-6 mbar with H2/N20 ratios close to 1. The period of oscillations 

was about 60 s. The reaction products were N2 and H2O. N2O oscillates in anti-phase with N2 and 

the maxima in H20 formation were "delayed" compared to the maxirria in N2 formation during 

the oscillations. The goal of the present study is the development of a mathematical model, which 

can describe the experimentally observed oscillatory behaviour and to explain the origin of the 

phase shift between oscillations in N2 and H20 production rates. 

2. Experimental 

Reactions were performed in a UHV system (Leybold Heraeus) equipped with facilities 

~or LEED, AES and a differentially pumped (601/s) quadrupole massspectrometer (UTI 100 C). 

The system was pumped by a turbo molecular pump (170 1/s) and an ion pump (1501/s). The base 
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pressure was always better than 2x10-10 mbar. The crystal was cleaned by repetitive cycles of 

heating in an oxygen or hydrogen atmosphere, Ar+ ion sputtering (p(Ar) =lxl0-5 mbar, incident 

energy = 1.5 kV) and flashing in UHV to 1400 K. The Ar+ ion sputtering and flashing 

treatments were repeated at the beginning of each series of experiments and the surface 

cleanliness was checked by AES and LEED. Further details about the experimental procedure 

are described elsewhere [ 6]. 

The oscillations were obtained by slowly-~eatihg the crystal in N2O (lxl0-6 mbar) with a very 

low amount of H2, the smallest possible to be read on the ion gauge (resulting in a H2/N2O 

ratio of approximately 0.4) from room temperature to 800 K and then cool it down to a 

temperature between 450 K and 470 K. Then the pressure of H2 was increased stepwise until 

sustained oscillations in rate started. Figure 1 shows oscillations in the partial pressures of 

N2O, H2O and N2, which were detected at 460 K for a N2O pressure of lxl0-6 mbar and 

H2/N2O ratio of 1.2. 

0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Time (min) 

Figure 1. Oscillations in the partial pressures of N2O, H2O and N2, on the lr(l 10) surface, at a N2O 
pressure of lxl0-6 mbar. The temperature was 460 Kand the H2/N2O ratio was 1.2. From 
reference [ 6]. 

As can be seen from this figure, the product N2 pressure oscillates in anti-phase with the 

reactant N2O pressure, as can be expected. However it _can also be noted that the oscillations in 

H2O formation are "delayed" compared to the oscillatio~ in rate of N2 formation. The oscillations 

are very sensitive to changes in the H2/N2O ratio or.temp~rature, fading away easily. 

AES measurements were also carried out during the oscillations. For that purpose the 

rate oscillations were started and the crystal was taken away from the front of the MS hole to 

the front of the CMA hole. Since the period of oscillations is of the order of 1 minute and a 

full AES spectrum takes about 2.5 minutes, the evolutioii .of the oxygen peak (O510ev) could 
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not be .followed during one oscillation cycle. · However it was observed that the · O-

concentration varies from zero to a maximum value during the rate oscillations [6]. 

3. Mathematical Modelling and Discussion 

The TDS studies revealed some interesting features of this system [6]. Usually 

adsorption of N2O over metals such as Pt and Rh results in the formation of N2 and Oads on 

the surface, whereas on the more active metal surfaces also Nads can be detected. However 

TDS studies showed that on Ir(l 10) only N2 and N2O were released from the surface in the 

temperature range from 350 K to 500 K and no NO desoiption was detected. fu addition it was 

demonstrated, that oxygen could modify the rates ofN2O desorption and decomposition in a very 

complicated manner. At small oxygen precoverages, N2O decomposition is accelerated by 

oxygen, while at higher oxygen coverages a large increase in the N2O desoiption peak with 

increasing O precoverage was identified (see Figure 2a from re£[6]). It was concluded that the 

presence of oxygen on the surface could modify the N2O desorption rate. 

· To model the experimental observations the following set of elementary steps was formulated: 

k1 

N2O (g)+[M] ~[M- N2O] 

k-1 

k2 
[M- N2O] ⇒ N2 (g) + [M-0] 

k3 

H2 (g)+2[M] ~2 [M-H] 

k_3 

ki 
[M-O] + 2 [M-H] ⇒ H2O (g)+3 [M] 

(1) 

The reaction mechanism includes the adsorption/desorption of N2O, H2 and N2O 

dissociation. According to the data of TPD studies [6] the reaction products N2 and H2O 

produced at T>400 K desorb immediately after their formation on the catalyst surface. 

Mathematical modelling has been done on a macroscopic level and is based on the 

standard mean field approximation. The · nonideality of the adsorbed layer was accounted for 

through the parameters ~f lateral interactions Ea where a denotes the number of the step. For 
'' 

the developing of the mathematical model the following assumptions are made: 

1) H2 and N2O adsorption proceed on separate sub-lattices of surface adsorption centres . . 

2) Each adsorbate can occupy only one site on the sub-lattice and the species compete for free 

sites only on the same sublattice 

169 



' OP-22 
3) On a microscopic scale a randomly well-mixed adlayer is formed in spite of lateral 

interactions. 

4) The variations of the gas phase partial pressures PN20 and PH2 are very small during the 

reaction. 

Following the proposed reaction mechanism, one arrives at a set of three coupled ordinary 

differential equations (ODE), describing the temporal variation of surface coverages during 

the reaction: 

x = p 1k1(1-x- y)-k_1x-k2x, 

y = k2 x - k4 yz 2 , 

t = PJkil- z) 2 -k_3z2 -k4yz 2 • 

(2) 

. where p1 and p3 are the partial pressures of N2O and H2 and x, y, z denote the coverages of 

N2O, 0, and H. 

Mathematical analysis demonstrates, that there is no• any limit cycle solutions in the 

system (2) at any values of the constants ki, where i= ± 1, 2, ±3, 4. The origin of oscillations in 

this system is supposed to be due to the lateral interactions existing in this system. The 

analysis of the TPD spectra presented in ref.[6] demonstrates that oxygen greatly modifies the 

rates of N2O desorption and dissociation. It was supposed, that due to lateral interactions 

adsorbed oxygen accelerates the rate of N2O desorption and the rate of N2O dissociation. A 

linear dependence of the activation energies of the following steps on the oxygen coverages 

were introduced in the model (2) as E-1 + JL1Y and E2 + µ2y where µ-1, µ2<0. The 

• nonlinearity, which is necessary for the production of rate oscillations in the system (2) is 

presented via the dependence of the rate constants k.1 and k2 upon the oxygen coverage: 

k_1 = K_1 exp(s_1y), k2 = K2 exp(s2y). 

Thl~alues of model parameters were chosen in such a way that they are in agreement 

with the known literature data and produce the best qualitative similarity of model solutions 

and experimental data. The obtained values of parameters are shown in the Table: 
k .· k1 K_I 'fc 

2 
k3 k.3 

1co· 6.2xl04 1012 5.0xlon 8.3xl05 · 2.58xl08 · 

Ecal/mol 0 35000 51700 0 23000 
k .. 0.062 0.001 0.014 1 0.003 

• - dimension of k1 and k3 is (sxmbar)"1, dimension of k; for i = -1, 2, -3 and 4 is s·1. 
•• -the value of the constant atp1 = 10--6 mbar,p3 = l.2x10--6 mbar, and T= 460 K. 

k4 

3.04xl06 

15000 
0.225 

The parameters oflateral interaction energies in the rates k_1 and k2 were chosen as µ_ 1 = -3640 cal/mol, 
µ2 .= -'9100 cal/mol, so that at T= 460 K, £..1,;, 4, &2 = 10. · 
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460 

g 
I- 450 

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 

PH (10-a mbar] 

Figure 2. The phase diagram ofthe model (2) at p 1 # 10·6 mbar 

The results of the bifurcation analysis at the chosen values of parameters are presented 

in Figure 2 that shows the phase diagram of the system (2) in the plane (p3, 1). The solid line 

denotes the line of the Andronov-Hopf bifurcation and the dashed line represents the line of a 

saddle-node bifurcation. The region of oscillations is shown by the grey area. As can be seen 

from this Figure, the temperature region where oscillatory solutions originate is rather narrow. 

This fact is in excellent agreement with the experimental observations. 

Figure 3 displays oscillatory behaviour of the coverages of the adsorbed species, 

obtained as a result of mathematical modelling. The period of oscillations and the conditions 

of their appearance closely coincide with the experimental data. 
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Figure 3. Oscillatoty behaviour of surface coverages at p1 = 10-6 mbar, p3 = 1.2x 10-6 mbar, and T = 460 K. 
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Figure 4 shows oscillations in the production rate of H20 and in the rate of N20 

decomposition. The last value coincides with the rate of N2 formation, because following 

experimental data N2 molecules desorb immediately after their formation on the catalyst surface. 
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(/) 
Q) 0,06 ..... 
co .... 
C: 
0 

t5 0,04 
co 
Q) 
0:: 

0,02 

0,00 

0 2 4 

• · · • · N,O adsorption - desorption 
-- Np decomposition 
-- H,O formation 

96 98 

Time [min] 

100 

Figure 4. Rates ofN2O decomposition and H2O formation at the same conditions as in Figure 3. 

Figure 4 demonstrates that the results of mathematical modeling reproduce the 

experimental observations, including the observation that the oscillations in the H20 

formation rate are "delayed" compared to the oscillations in the rate of N2 formation. The 

origin of this time delay is connected with the phase shift between the surface concentrations 

ofN20 and Oas shown in Figure 3. The mechanism of oscillations (see Figures 3 and 4) may 

be presented as follows: starting with the clean surface, hydrogen immediately occupies all 

sites on its sub-lattice and hydrogen has a minor role in the appearance of oscillations. The 

concentration of N20 on the surface increases. Due to the dissociation of N20 the 

concentration of adsorbed oxygen increases. Oxygen accelerates N20 dissociation and the 

N20 surface concentration drastically decreases (solid line in Figure 3), while the O coverage 

increases in a autocatalytic way. However, due to the reaction with hydrogen the concentration of 

surface oxygen starts to decrease. The decrease of the oxygen concentra~on causes an increase of 

the N20 surface concentration. As the result of this process the rate of N20 dissociation again 

increases, leading to · an increase of the surface concentration of oxygen. Oxygen again accelerates 

the N20 dissociation rate and the cycle of oscillations starts again. 
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4. Conclusions 

A mathematical model is presented, which simulates · the oscillatory behaviour 

reported for the N2O+H2 reaction over the Ir (110) surface. It is shown that lateral interactions 

in the adlayer can be the origin of the observed oscillatory behaviour. The character of lateral 

interactions was obtained from the analysis of the TPD spectra. 

The results of the simulation demonstrate that nearly all peculiarities of the 

experimentally observed kinetic oscillations mentioned in Sec. 2, can be modelled. rather well 

with the model presented in this paper. The model simulates successfully the very narrow 

temperature range for the appearance of oscillations and the properties of oscillations, 

including their period and the waveform. 

The model presented simulates the phase shift, between the maxima of H2O and N2 

production rates. It is demonstrated, that this unusual phase shift between production rates of 

two reaction products is closely connected with the character of lateral interactions in · the 

adlayer. According to the proposed mechanism hydrogen plays a minor role in the appearance 

of oscillations by removing the oxygen · from the surface, resulting in H2O production. This 

result of the simulation is supported by the recent observation of isothermal sustained 

oscillations in the rate of N2O-CO reaction. This observation demonstrates that the 

oscillations can be produced with different reducing agents [7]. 
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The discovery of syndiotactic polystyrene (sPS) was an important milestone in 

stereospecific polymerization.1 Catalytic system Cp*TiCb/MAO (Cp* = CsMes) is one of the 

most practicable for sPS production.2 The mechanism of (C5Me5)TiCb activation by MAO to 

form effective catalysts for a:-olefins polymerizations is an extremely important and still 

unsolved problem. In this work, the titanium(IV) species formed in the catalytic systems 

Cp*TiMe:vMAO and Cp*TiCh/MAO (Cp* = C5(CH3)5) in toluene and chlorobenzene were 

studied within the temperature' range 253-293 Kand at Al/Ti ratios 30-80, by means of 13C 

NMR spectroscopy. 

It was shown that two types of titanium(IV) · complexes are formed upon activation of 

Cp*TiMe3 with MAO. The major complex was identified as a 'cation-like' intermediate 
. . 

Cp*Me2Tt +---- Me- - Al = (MAO). The minor complex was tentatively assigned to a 

heterodinuclear cationic complex [Cp*TiMe(µ - Me)zAlMe2t[Me - MAOr. 

Four types of titanium(IV) complexes were observed in the Cp*TiCh/MAO . catalytic 
. i · . ~'. . . . . . -· . . 

system. They are: two methylated complexes, Cp~TiMeCh and Cp*TiMe2Cl; the 'cation-like' 

int~nriediate · Cp*MeCITi+ +---- Me- - Al = (MAO) ;nd the heterodinuclear cationic complex 

[Cp*TiCl(µ - Me)zAlMe2t[Me.: MAor. According to the EPR measurements,the relative 
. : + • 

concentration of Ti(III) species in the Cp*TiCb/MAO system is smaller than l % of total Ti 

concentration at Al/fi ratio 35 and 10% atAl/fi ratio 700. 
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A. V.Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, Moscow, Russia 

1 NN Semenov Institute of Chemical Physics, Russian Academy of Science, Moscow, Russia 

Selective catalytic reduction (SCR) of NO to N2 by hydrocarbons · attracts attention 

nowadays as an important process for NOx removal from exhaust emissions in both mobile 

and stationary sources. Basic achievements in this field of ecological catalysis are connected 

with development of such catalysts as metal ion-exchanged zeolites and metal oxides-supported 

alumina. Recent studies have shown that the mechanical mixing of different metal oxides or · 

metal oxides with zeolites considerably enhanced the rate of the reduction of NO by 

hydrocarbons. 

In our research we investigated commercial oxide catalysts that do not relate to SCR 

process and do not contain neither zeolites nor noble metals. 

Peculiarities of redox reactions in the process of NO reduction by alkanes (Cfli or C3H8) in the 

presence of Oz were investigated over mechanically mixed commercial oxide Cu-Zn-Ni-Al(l) + Fe-Cr 

(II)-containing and Cu-Zn-Ni-Al(l) + Fe-Cr(III)-containing catalysts. The catalytic reactions were 

conducted in flow reactor with catalyst in the fixed bed, N2 being the carrier gas. Activity tests 

were carried out in the temperature range 200-600°C at GHSV range 10,000-17,000 h-1. Analysis 

was carried out with gas chromatograph (Chrom - 5) and gas analyzer {TestoTerm). The 

synergistic effect in the reaction of NOx reduction by methane and propane was originally 

discovered over these catalytic systems in the temperature range 300-550°C under the 

atmospheric pressure. 

It was shown by temperature-programmed desorption of NO that oxygen does not block 

the adsorption of NO on the surface of these catalysts. 

The synergistic effect in the reaction of NO reduction by propane over mechanically mixed 

oxide catalysts (D + (II) was investigated using IR-spectroscopy in Jitu. It was concluded that 

observed synergistic effect could be explained by partial propane oxidation over Cr-containing 

component (II) and NO reduction by this product over Cu-containing component (I) of the binary 

catalytic system. 
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The effect 'of mechanochemical activation on the activity of these compositions in the 

reaction of selective reduction of nitrogen oxides by propane in the presence of 02 and severe 

oxidation of hydrocarbons (using toluene as an example) were examined. The interaction of 

the components of a reaction inedium with the catalyst surface was studied by the technique 

of temperature programmed desorption (TPD) as the most informative method for such 

systems. The effect of reduction/reoxidation processes on the surface of oxide catalytic 

systems on the absorption capability was investigated. A correlation between the surface 

properties of the catalysts and their catalytic activity in the reaction of selective NO reduction 

by propane was established. 

The obtained data show the possibility of using the technology of mechanochemical 

synthesis of catalysts with various compositions and better properties than analogous 

industrial catalysts prepared by conventional procedures. In the view of high environmental 

safety of the . technology of catalyst preparation by the mechanochemical method, 

opportunities for the synthesis of catalysts with properties superior to those of analogous 

industrial catalysts, for rapid launching of production of catalysts of any prescribed 

composition, this method was shown to be much be promise. 

The worked-out catalytical systems showed high effectivity in the process of simultaneous 

removing of several toxic components: NOx, CO, hydrocarbons from model gas mixtures as 

well as from real exhausts of automobile transport. 
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Abstract 

The effect of high temperature calcination and steaming on iron-containing zeolite was 

studied. Iron was introduced by sublimation of FeCh. FTIR measurements clearly show the 

disappearance of Bmnsted acid sites upon such treatments. This is attributed to a reaction 

between small occluded Fe oxide clusters obtained after initial low temperature calcination 

and the zeolite protons to give cationic Fe species compensating the negative zeolite charge. 

High temperature calcination and especially steaming considerably increase the catalyst 

activity in nitrous oxide decomposition. The two treated catalysts exhibit a higher apparent 

activation energy than the original sample. This high apparent activation energy is 

compensated by a high pre-exponential factor. In Fe/ZSM-5 the activity mainly derives from 

small Fe oxide clusters, while upon treatment more active cationic species are generated. The 

kinetic parameters point to a stronger Fe-0 bond for the latter case. 

Introduction 

Transition metals in zeolite host matrices provide .unique catalytic properties [1]. A prime 

example is the ability of small occluded Fe-oxide particles in pentasil zeolite to selectively 

. hydroxylate benzene to phenol with nitrous oxide as oxidant [2-8]. Fe/ZSM5 also provides 

possibilities for selective reduction ofNOx [9-15] and the decomposition ofN20 [15-19]. 

Various preparation methods are available to introduce Fe in the zeolite micropores. 

Generally, ion exchange leads to bulky iron oxide agglomerates · on the zeolite external 

surface. While the preferred preparation route for catalysts active in benzene hydroxylation 

appears to be steaming of isomorphously Fe-substituted zeolites [2-8,20,21 ], sublimation of 

FeC13 provides a controlled way to deposit a higher amount of Fe in the zeolite micropore space 

[11-17,22,23]. The amount of Fe can be tuned by the choice of the Si/Al ratio of the parent 
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zeolite. ·These ·,catalysts have shown ~ high activity in. SCR of NOx [19] and nitrous oxide 

decomposition [19,22]. 

In the present contribution, we further study · the effect of various high temperature 

pretreatments on catalysts prepared by the sublimation method. The catalysts are extensively 

characterized by FTIR and 27 Al NMR and tested in the decomposition of N2O. Furthermore, 

their ability to produce phenol from benzene and nitrous oxide was evaluated. 

Experimental 

Catalyst preparation 

NI-LiZSM5 (Akzo Nobel, Si/Al= 19.4) was calcined in pure oxygen at 823 K for 2 h to yield 

HZSM5. Anhydrous FeCh (Aldrich, reagent grade 99.9%) was sublimed onto HZSM5 (Akzo 

Nobel, Si/Al= 19.4) [11,12]. The temperature of the iron precursor and zeolite were 573 Kand 

593 K, respectively. Subsequently, the sample was washed in 2500 ml deionized water twice 

by stirring for 1 h each time. After drying in an oven at 383 K overnight, 1 g of the resulting 

material (Fe/ZSM5) was calcined in 20vol.% 02 in He at a flow rate of 200 Nml/min for 2 h. 

Further treatment of the original catalyst was carried out: (a) 200 mg Fe/ZSM5 was calcined in 

20vol.% 0 2 in He at a flow of 200 ml/min at 973 K for 3 h (Fe/ZSM5-HTC), (b) 200 mg 

F e/ZSM5 was steamed in mixture of 20 vol.% 02 and 10 vol.% water vapor at a flow rate 

of 200 ml/min at 973 K for 3 h (Fe/ZSM5-HTS). 

Characterization 

The samples contained approximately 3.6 wt.% Fe (ICP-OCES), which corresponds to a 

Fe/Al ratio of0.97. The Fe content of the three samples were found to be identical. 

,' 
~frared spectra of self-supporting 10 mg catalyst wafers were recorded at room 

temperature on a Bruker IFSl 13 Fourier Transform IR spectrometer with DTGS detector at a 

resolution of 4 cm·1• Prior to IR measurement, the catalyst was pretreated in situ at 773 K for 

1 h in vacuo (pressure <l 0-6 mbar). Normalization of the overtones of the zeolite lattice vibrations 

(1870 cm·1-1950 cm"1) was applied to quantitatively determine the number ofBr0IlSted acid sites. 

Solid_-state 27 Al magic-angle spinning NMR spectra were obtained on a 11. 7-T Bruker 

· DMX500 spectrometer equipped with a 2.5-mm MAS probe head, and operating at a 27 Al 

NMR frequency of 130 MHz. The sample-rotation rate was 30-kHz. Rotor-synchronized 

echoes were recorde~ with a two-pulse sequence p1--r-p2--r-acquisition with p2 = 2p1 = 2.4 µs, 

and 't = 31.5 µs. The interscan delay, 1 sec, was long enough to avoid 27 Al-saturation effects. 

Chemical shifts were referenced to a saturated Al(NO3)3 solution. 
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Reactivity studies 

Activity measurements 'Vere carried out in an atm()spheric ~as-phase . single-pass fixed-bed 

reactor system (quartz reactor, i.d. 4 mm). Gas-phase reactants were fed by thermal mass flow 

controllers (Brooks) . . The reactant composition for nitrous oxide decomposition was 3500 ppm 

N2O in He, which was fed to the reactor at a GHSV of24000 h-1• Effluent products (N2O, N2 and 

02) were detected by an online qua~pole mass spectrometer. An amount of 40 mg catalyst 

(sieve fraction 125-425µm) was diluted -.yith carborundum to fulfill plug flow conditions. 

Prior to reaction, catalysts were pretreated in a 100 Nml/min He flow at 723 K for 1 h after 

heating at a rate of 2 K/min. 

The catalysts were qualitatively tested for the production of phenol at 648 K. To this end, 

benzene was vaporized by a syringe in the nitrous oxide stream before the catalyst bed. The 

effluent products were condensed after the reactor and analyzed by GC-MS. 

Results 

Characterization 

HZSMS 

Fe/ZSMS 

Fe/ZSM5-HTC 

Fe/ZSM5-HTS 

3613 

\ 

3500 3550 3600 3650 3700 3750 3800 
W a v e N u m b e r { c m ·1 ) 

Figure 1. Infrared spectra of the parent zeolite, Fe/ZSM5, Fe/ZSM5-HTC and Fe/ZSM5-HTS at room 

temperature after drying. 

Figure 1 displays infrared spectra for the various catalysts including the parent HZSM5. 

The band at 3613 cm·1 is the stretching vibration of the Brnnsted hydroxyl groups, while the 

band at 3745 cm·1 relates to the vibration of terminal Si-OH groups (26, 27). Generally, the 

weak band at 3665 cm-1 is assigned to the hydroxyl groups connected to extra-lattice 

aluminium [24]. By calibration with the overtone of lattice vibrations, a quantitative 
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comparison of the number of Brnnsted hydroxyl groups was possible. While Chen and 

Sachtler [ 11] described the disappearance of bridging hydroxyl groups after FeCb 

sublimation, our IR data indicate that approximately · 45% of these groups are regenerated 

after washing and calcination at 723 K. The remaining charge-compensation derives from the 

coordination of cationic Fe-species to the zeolite framework. After calcination at 973 K, the 

band at 3613 cm-1 has further decreased in intensity and we calculate that approximately 8% 

of the original Bf0Ilsted acid sites persist. A similar effect is found for Fe/ZSM5-HTS. In this 
. ,• 

case, a small increase in the band at 3665 cm-1 points to partial dealu'mination of the zeolite 
' . ' 

structure. XRD spectra of the various samples showed that the MFI structure· remains intact, while 

the steaming treatment results in a small increase of amorphous phases in Fe/ZSM5-HTS. 

The magic-angle spinning (MAS) 27 Al NMR spectra of the various samples are collected 

in Figure 2. The signal at 57 ppm is assigned to tetrahedrally coordinated aluminium in the 

zeolite lattice. The signal at 0 ppm in the spectra of Fe/ZSMS-HTC and Fe/ZSMS-HTS 

belongs to a fraction of octahedrally coordinated extra-lattice Al, which is particularly 

significant for the steamed zeolite. This is consistent with the findings of a signal of hydroxyl 

groups associated with extra-lattice aluminium at 3665 cm-1• For Fe/ZSMS-HTS spectral 

intensity is also detected between the 57-ppm and the 6-ppm signal. Typically, a broad peak 

in this shift-range is attributed to non-lattice tetrahedrally or pentacoordinated aluminum [25]. 

Such Al species may exist in the zeolite micropores as small AhO3 particles without 

associated hydroxyl groups. This explains why we cannot detect the increase of the 3665 cm-1 

band in Fe/ZSM5-HTS. A quantitative comparison with the parent ZSM5 indicates that only 

~ 10% of the Al species is detectable in the echo spectra. This is probably a result of the line 

broadening caused by paramagnetic Fe and indicates that Fe is located close to the Br0nsted sites 

in the zeolites, although a decrease of the symmetry around Al nuclei can also play a role. 

' ' 
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Figure 2. 27Al NMR MAS spectra of parent H/ZSM5(15), Fe/ZSMS-HTC and Fe/ZSMS-HTS. MAS 

sidebands are indicated with an asterix. 
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Figure 3. Nitrous oxide conversion as a function of temperature for Fe/ZSMS, Fe/ZSMS~HTC and 

Fe/ZSM5-HTS (GHSV"" 24000 h~1): 
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Figure 3 shows the nitrous oxide conversion as a function of the reaction temperature for 

the catalysts under study. The activity of Fe/ZSM5 can be efficiently increased by high 

temperature treatments (Fe/ZSM5-HTC .and Fe/ZSM5-HTS). While Fe/ZSM5-HTC decreases 

the temperature needed for 50% conversion by 30 K, steaming allows a further reduction of 

10 K. The apparent activation energies and pre-exponential factors for ;the various catalysts 

are condensed in Table 1. 

Table 1. Kinetic parameters for Fe/ZSM5 catalyst in nitrous oxide decomposition (activation 

energies:± 8 kJ/mol; pre-exponential factors:± 10%) 

Catalyst Apparent activation energy(kJ/mol) Pre-exponential factor( 1/s) 

Fe/ZSM5 136 4.101V 

Fe/ZSM5-HTC 186 5.101" 

Fe/ZSMS-HTS 195 4.l0L:, 

The benzene hydroxylation tests showed that phenol was not formed on the Fe/ZSM5 

catalysts. Both Fe/ZSM5-HTC and Fe/ZSM5-HTS showed phenol production with the latter 

one producing considerably more phenol. 

Discussion 

The sublimation procedure effectively replaces all Brnnsted acid sites with iron chlorine 

complexes [ 11]. The IR results show that approximately 45% of these Brnnsted acid sites are 

regenerated after washing, drying and calcination at 773 K. This results in various Fe species 

including bulky iron oxide agglomerates on · the external zeolite surface, and positively 

charged Fe3+ species and neutral nanoclusters in the zeolite micropores. For such 

intracrystalline species, diiron species have been advanced by several authors [5,11] in 

analogy with the active center in methane monooxygenase enzyme [26]. High temperature 

calcination (Fe/ZSM5-HTC) or steaming (Fe/ZSMS-HTS) results in the disappearance of 

nearly 90% of the bridging hydroxyl groups. This dramatic decrease is explained by the 

reaction of neutral iron oxide nanoclusters with the Brensted acid sites at elevated 

temperatures [22]. Dehydroxylation can only· play a minor role since high temperature 

calcination of the parent zeolite only resulted in a small decrease of Brnnsted acidity. 

Furthermore, Brnnsted acid sites in Fe/ZSM5-HTC can be regenerated by exposure to water 

vapor at 773 K [23]. This shows that cationic Fe species generated in Fe/ZSM5-HTC can be 

rehydrolysed. Neutral species include Fe oxid.1/ particles at the external zeolite 'surface and Fe 
: ·_.· , · , •. . 

oxide nanoclusters occluded in the zeolite micropores. We propose that such nanoclusters 
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which is in close proximity to the,-Bmnsted acid sites reacts With the zeolitic protons. Bulky 

Fe oxide clusters, prepared by impregnation of Fe(N03)3 on a silica support, are not active in 

N20 decomposition below 773 K, while Fe oxide agglomerates formed on the external zeolite 

surface after steaming iron-substituted ZSM-5 cannot activate nitrous oxide as oxidant for 

aromatics [21]. This indicates that the active species in Fe/ZSM-5 are Fe oxide nanocluste:rs 

and cationic Fe species. High temperature calcination results in an increase of the number of 

cationic Fe species. The almost complete disappearance of Brnnsted acidity may indicate that 

such further treatment leads to a catalyst with almost exclusively cationic Fe species present 

in the micropore space. It appears that these cationic species display a much higher nitrous 

oxide decomposition activity than small Fe oxide species. Alternatively, the high temperature 

treatment may lead to migration of Fe species from the zeolite pores to the external surface, 

thus opening up the micropores. · However, preliminary TEM measurements show that the 

amount of external Fe-oxide clusters does not increase to a large extent upon high temperature 

treatments. Moreover, the reaction of Fe oxide species and zeolite protons appears to be 

reversible upon exposure to water vapor at 773 K [23]. Large crystals on the external surface 

will not redistribute again under such conditions. 

The large change in apparent activation energy between original Fe/ZSM-5 and further treated 

Fe/ZSM-5 as determined over a wide temperature range indicates that indeed the catalytic nature 

of Fe oxide and cationic Fe species are very different. This is taken as further evidence that 

the neutral nanoclusters are also able to catalyze N20 decomposition although at a much 

lower rate. The much higher apparent activation energy for the more active species is 

compensated by a high pre-exponential factor. The difference is 4-5 orders of magnitude. Thus, 

we draw the main conclusion that in Fe/ZSM-5 various iron species are responsible for nitrous 

oxide decomposition. 

While the reaction between Fe oxide nanoclusters upon ,high temperature calcination is 

partly reversible, steaming essentially leads to . partial dealumination as derived from the 

presence of pentacoordinated Al species. However, the fact that part of the aluminium is not 

detected by NMR due to the presence of the paramagnetic iron nuclei makes this 
, ~ . ~ ' 

interpretation inconclusive. 
·, 

, . The rate limiting step for nitrous oxide decomposition over Fe/ZSMS is proposed to be the 

removal of adsorbed oxygen, generated by the reaction of N20 with an iron center, by N20 

[27]. The large change in kinetic parameters can thus be explained by the nature of the adsorbed 

oxygen atom (O*). From its higher apparent activation energy, we conclude ,that the Fe-0* 

bond energy is higher for the more active catalyst. Such a strong Fe-0* bond leads to a large 
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gain in entropy in the rate limiting step, thus providing a tentative explanation for the increase 

of the pre-exponential factor. The difference in the nature of the Fe species can partly be 

proven by their oxidation ability towards hydrocarbons. We have done some preliminaiytests 

of the conversion of benzene to phenol using N2O as the oxidant on various ·Fe/ZSM-5 

samples. In our initial qualitative analysis, the original Fe/ZSM-5 has a very low activity 

whereas the high temperature calcined and especially steamed Fe/ZSM-5 show good catalytic 

performance. 

Conclusions 

High temperature treatments of Fe/ZSM-5 prepared by the sublimation of FeCh on 

H-ZSM5 is found to strongly increase the rate of nitrous oxide decomposition. The activity 

strongly depends on the .nature of Fe species inside the zeolite micropores. In Fe/ZSM-5 the 

catalytic activity mainly derives from Fe oxide nanoclusters. Calcination or steam treatments 

at 973 K induces a reaction between these nanoclusters and zeolite protons, resulting in 

cationic . Fe species. Such species have an appreciably higher activity, while kinetic 

parameters point to a stronger Fe-O bond for this case. 

Acknowledgement 

The Dutch National Research School Combination Catalysis is gratefully acknowledged 

for the fi'nancial support. 

References 

1. P.M.M. Blauwhoff, J.W. Gosselink, E.P. Kieffer, S.T. Sie and W.H.J. Stork, in 

Catalysis and Zeolites Fundamentals and Applications, (J. Weitkamp and L. Puppe, eds.), 

chapter 7, Springer Press, 1999. 

· 2. G.I. Panov, V.I. Sobolev and A.S. Kharitonov, J. Mol. Catal. 61 (1990) 85. 

' 3. V.1. Sobolev, G.I. Panov, AS. Kharitonov, V.N. Romannikov, AM. Volodin and K.G. Ione, 

J. Catal. 139 (1993) 435. 

4. V.I. Sobolev, K.A. Dubkov, E.A. Paukshtis, L.V. Pirutko, M.A. Rodkin, A.S. Kharitonov 

and G.I. Panov, Appl. Catal. A 141 (1996) 185 . 

. 5. G.I. Panov, V.I. Soboiev, K.A. Dubkov and A.S. Kharitonov, Stud. Surf. Sci. Catal. 101 

(1996) 493. ' 

6: G.I. Panov, V.1. Sobolev, K.A. Dubkov, V.N. Parmon, N.S. Ovanesyan, A.E. Shilov and 
' . 

A.A. Shteinman, React. Kinet. Catal. Lett. 61 (1997) 251. 

184 



OP-25 
7. K.A. Dubkov, V.I. Sobolev, E.P. Talsi, M.A. Rodkin, N.H. Watkins, A.A. Shteinman and 

G.I. Panov, J. Mol. Catal. 123 (1997) 155. 

8. G.I. Panov, CatTech .7 (2000) 18. 

9. X. Feng and W.K. Hall, Catal. Lett. 41 (1996) 45. 

10. X. Feng and W.K. Hall, J.Catal. 166 (1997) 368. 

11. H.Y. Chen and W.M.H. Sachtler, ·catal. Today. 42 (1998) 73. 

12. H.Y. Chen and W.M.H. Sachtler, Catal. Lett. 50 (1998) 125. 

13. H.Y. Chen, T.V. Voskoboinikov and W.M.H. Sachtler, J.Catal. 180 (1998) 171. 

14. T.V. Voskoboinikov, H.Y. Chen and W.M.H. Sachtler, Appl. Catal. B 19 (1998) 279. 

15. Q. Sun, Z.X. Gao, H.Y. Chen and W.M.H. Sachtler, J. Catal. 201 (1998) ,89. 

16. El-M. El-Malki, R.A. van Santen and W.M.H. Sachtler, Microporous Mesoporous 

Mater. 35-36 (2000) 235. 

17. El-M. El-Malki, RA. van Santen and W.M.H. Sachtler, J. Catal. 196 (2000) 212. 

18. G. Centi and F. Vazzana, Catal. Today 53 (1998) 683. 

19. F. Kapteijn, J. Rodriguez-Mirasol and J.A. Moulijn, J.Catal. 167 (1997) 256. 

20. E. Selli, A. Isernia and L. Forni, PCCP 2 (2000) 3301. 

21. A. Ribera, I.W.C.E. Arends, S. de Vries, J. Perez-Ramirez and RA. Sheldon, J.Catal, 

195 (2000) 287. 

22. Q. Zhu, B.L. Mojet, RA.J. Janssen, E.J.M. Hensen, J. van Grondelle, P.C.M.M. 

Magusin and RA. van Santen, accepted for publication in Catalysis Letters. 

23. Q. Zhu, E.J.M. Hensen, B.L. Mojet, J.H.C. van Wolput and RA. van Santen, submitted . . 

24. P.O. Fritz and J.H. Lunsford, J.Catal. 118 (1989) 85 . . 

25. D. Goldfarb, M. Bernardo, K.G. Strohmaier, D.E.W. Vaughan and H. Thomann, J. Am. 

Chem. Soc.116 (1994) 6344. 

26. N. Elango, R Radhakrishnan, W. A. Froland, B. J. Wallar, C. A Earhart, J. D. Lipscomb 
j 

and D. H. Ohlendorf, Protein Sci. 6 (1997) 556. 

27. F. Kapteijn, J. Rodriguez-Mirasol and J.A. Moulijn, Appl. Catal. B 9 (1996) 25. 

185 



OP-26 
MECHANOCHEMICAL PREPARATION OF Cu/ZnO CATALYSTS 

Hessel L. Castricum1, Vladislav V. Malakhov2, Tamara M. Yurieva2, Hans Bakker3 

and Eduard K. Poels1 

1 Department of Chemical Engineering, Universiteit van Amsterdam, The Netherlands 

2 Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia 

3 Van der Waals-Zeeman Institute, Universiteit van Amsterdam, The Netherlands 

Cu/ZnO catalysts are traditionally prepared by coprecipitation or homogeneous deposition 

precipitation. Mechanochemical preparation by mechanical milling may also result in the 

formation of active catalysts [1,2]. After reduction in hydrogen, all types of catalyst are active 

for the synthesis of methanol. However, the stoichiometry of the metal part can be controlled 

much better for mechanochemical preparation than for classical chemical preparation 

techniques. 

We have obtained a range of well-defined and intimately mixed Cu/ZnO compounds from various 

precursors and by mechanical milling in different atmospheres. · Differential Dissolution has 

proved to be an effective technique for monitoring the intimacy of these mixtures. Intimate 

mixtures are formed during mechanochemical reactions of oxides with the milling atmospheres, 

as well as by milling of Cu . and Zn hydroxides and hydroxy-carbonates. The poor mutual 

solubility of Cu and Zn oxides improves for anion-modification, i.e. in the presence of hydroxide 

or carbonate anions. Both Cu0 specific surface areas and total surface areas are substantially 

increased for all milled Cu/ZnO mixtures, but a strong dependency on the type of anion-., . 

modification is found. Despite their high intimacy, Cu/Zn hydroxide mixtures exhibit low Cu0 

areas. This can be explained by ,the high reduction temperatures of these mixtures that lead to 

excessive sintering. On the other hand, the presence of carbonates is advantageous for obtaining a 

structure with a high Cu0 area and correspondingly a high activity. As the catalytic activity of 

these mechanochemically prepared catalysts is of the same order as that of their coprecipitated 

counterparts, mechanical milling provides an inter!,!sting alternative for study and preparation of 

promoted heterogeneous catalysts. 

[1] L. Huang, G.J. Kramer, W. Wieldraaijer, D.S. Brands, E.K. Poels, H.L. Castricum and H. 

Bakker, Catal. Lett. 48 (1997) 55 

[2] H.L. Castricum, H. Bakker, B. van der Linden and E.K. Poels, J. Phys. Chem. B 105 (2001) 

7928 

186 



INTAS SESSION 

. ' ' 





IN-1 
CATALYTIC MATERIALS 

Z~R. Ismagilov1, S.A. Yashnik1, O.Yu. Podyacheva1, N.V. Shikina1, L.M. Kustov2, 

V.N. Antsifirov3, P.G. Tsyrulnikov4, A. Kalugin5, P. Si1Tert6, R. Keiski7, J. Herguido8 

1 Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia 
2Zelinsky Institute of Organic Chemistry RAS, Moscow, Russia 

3Republican Engineering Center "Powder Metallurgy", Perm, Russia · 
40msk Department of Boreskov Institute of Catalysis SB RAS, Omsk, Russia 

5 Steel-Rolling Plant, St. Petersburg, Russia 
6European Materials Research Society ( £.;.MRS), Strasbourg, France · 

7 University of Oulu, Oulu, Finland . • . · 
8 University of Zaragoza, Zaragoza, Spain 

Efficiency of catalytic reactions for environmental protection and hence their 

economic performance primarily depends on the properties of catalytic materials: BET and 

external surface area, morphology, diffusion, capability for heat transfer, thermal stability, 

and mechanical strength. 

The main idea of this INTAS Network project #1044 is to develop new catalytic 

materials in the different geometric forms such as foil, metal and ceramic fibers, metal or 

ceramic foams, and honeycomb monoliths. 

At the Steel-Rolling Plant (St. Petersburg) special alloys with an optimal chemical 

composition were developed for application as a high temperature catalyst carrier. They are called 

Aluchroms of various modifications, containing Al and Cr. The particular feature of these alloys 

is the presence of Y 20 3 used as a modifying additive. These alloys can be used for production of 

foil with thickness of 0.05 mm, resistant to oxidation in the air at 1050°C for 500 hours. 

Non-metal incorporations in the foil have an adverse effect on thermal resistance. These 

incorporations are represented mainly by carbides . and nitrides of titanium with a particle size of 

2~8 µ, which content should be kept below 0.027 vol.%. Methods for theoptimization of alloy 

smelting in order to reduce concentration of non-metal incorporations were developed. 

It is shown, that further increase of the heat resistance of the Aluchrom alloys can be 

achieved by the introduction of •hafnium and the increase of aluminum content up to 7% wt. 

The alloy of such composition can be used for the production of refractory foil with thickness 

of0.025 mm. 

Atthe Republican Engineering Center "Powder Metallurgy" (Perm) new materials for the 

preparation of highly porous reticulated ceramic foam monoliths were developed [l]. They 

are cordierite-containing compositions, having additional phases of quartz (a-SiO2), 
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corundum ( a-A}z03) or mullite· (3AJi03x2Si02). The coefficient of linear thermal expansion 

of the mullite and quartz containing composition is close to that of pure cordierite. However, 

quartz is subjected to the high temperature induced phase transformations, and the mullite­

quartz compositions tend to deteriorate after multiple thermal cycles. The mullite and 

corundum containing compositions were shown to have sufficiently high thermal durability. 

The regularities of formation and sinteri:tig of large-size foam monolithic supports 

were studied. Pilot batch of mullite and corundum-containing cordierite monoliths was 

manufactured and tested in catalytic combustion of methane. 

At the Zelinsky Institute of Organic Chemistry (Moscow) the work was focused on the 

preparation and investigation of new catalysts supported on metallic carriers for the process of 

catalytic combustion [2]. In this part of the work two types of metallic carriers were used: 

1) stainless steel gauze and 2) thermally stable Fe-Cr-Al foil. For the deposition of a 

washcoating layer and an active component on the surface of the metallic carriers the method 

of electrophoretic deposition was applied. The catalytic activity of Pt- and Pd-containing 

catalysts, supported on the stainless steel gauze washcoated with alumina, was studied in the 

reaction of deep oxidation of methane and butane. A series of monolithic catalysts based on 

the mixed metal oxide and modified zeolite, supported on the Fe-Cr-Al foil, were prepared 

and .the catalytic properties and thermal stability of these catalysts in methane combustion 

were investigated. 

At the Boreskov Institute of Catalysis (BIC, Novosibirsk) the ceramic monolithic 

supports with a washcoat containing Zr02 and Y203 were used for the preparation of 

impregnated catalysts. The aqueous solutions of the following reagents were used for 

impregnation: copper nitrate, cobalt nitrate, palladium chloride, and platinohydrochloric acid. 

Th~,catalysts were dried at room temperature for 10 h and at 70-l 10°C for 2 h and then 

calcined at 600°C for 4 h. The catalysts were tested in the reaction of methane catalytic 

combustion, and also were shown to be promising for the treatment of the industrial exhaust 

gases containing voes. 

The methane combustion catalysts of pemvskite structure were synthesized on the Ni­

Cr foams preliminary manufactured on the wall of metal heat exchanging tube of the catalytic 

heat exchanging reactors and washcoated by means of plasma spraying of alumina. It was 

shown that plasma-sprayed alumina does not change the genesis of the formation of the 

perovskite active component but allows to improve substantially the adhesive properties of 

the~9tive layer at high temperature [3]. 
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At the Omsk branch of BIC (Omsk) the new c~talyti~ materials for fuel combustion 

were developed. Different types of supported oxide and noble metal catalysts were tested in 
. . . . . . 

the reaction of methane and butane combustion. The kinetic parameters of methane oxidation 

over catalysts Co3O4, NiO, Fe2O3, CuO, ZnO, V 20s, Pt and Pd at the temperatures 360-500°C 

were determined. The comparison of specific catalytic activity (per m2) extrapolated to 300°C 

allows to place the catalysts in the following activity series: 

Pd>Co3O4>NiO>Pt>CuO>Fe2O3>ZnO>V 20 5• 

The most appropriate catalyst for the low temperature methane oxidation should · be 

based on Pd, deposited on a thermally stable support with high specific surface area. 

The study in a flow setup, carried out under the following conditions: composition of 

the gas mixture - 0.03 vol.% methane in air, GHSV = 20000 h-1, V = 0.1 mis, vol~e of 

catalyst - 4 cm3, residence time - 0.18 s, showed that the catalyst 1 %Pd/y-AlzO3 provides the 

best efficiency in C~ oxidation, close to 100% at the temperatures about 300°C. 

Similar study of the activity of catalysts in the reaction of low temperature butane oxidation 

showed that the most active catalysts (at 200°C) are those based on Pt supported on y-Ali03• 

The catalysts were characterized by BET surface area measurements, TPR, SEM, 

ESDR, diffuse reflectance IR spectra of adsorbed molecules: NO and CH4. 

At BIC these catalysts were tested in the catalytic combustion of C~ [4], steam 

reforming of C~ [3], DENOx [5], oxidation of 1,1-dimethylhydrazine, and H2S oxidation 

and decomposition. 

The catalytic heat exchangers were constructed by means of the variation of 

composition of the metal foam, nature of the active component, and geometry (thickness) of 

the combustion catalyst supported foam layer. 

At the University of Zaragosa the bulk iron oxide, prepared by the precipitation and by 

citrates method, has been studied as an alternative catalyst for methane combustion. While 

hematite was the dominant phase in all the samples prepared, significant differences were 

observed regarding the activity and stability of the catalysts, depending on the preparation 

method. The catalysts prepared by precipitation presented higher surface areas and lower 

light-off temperatures. Catalyst deactivation is due to the sintering under reaction conditions, 

and becomes more severe if the operating temperature exceeds the calcination temperature 

used in catalyst preparation. The best performance in terms of stability and steady-state 

conversion was obtained with the catalyst prepared by precipitation and calcined at 600°C. 
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The deactivation of bulk iron oxide during methane combustion also has been studied. 

The observed deactivation behavior has been explained as the -result of two simultaneous 

deactivation mechanisms. In the initial phase of reaction both mechanisms are in action, and 

the activity drops rapidly as a consequence of both catalyst sintering and of the depletion of 

lattice oxygen in the outer layers, due to a partial reduction of the catalytic surface, At the 

later stages, catalyst deactivation is almost exclusively due to the sintering under reaction 

conditions. A kinetic model of deactivation is presented, together with the physicochemical 

characterization of fresh and partially deactivated catalysts. 

The samples of catalysts developed at BIC and in other Russian laboratories will be 

tested in methane combustion at the University of Zaragosa, in DENOx with propane and 

specific VOC's oxidation at the University of Oulu (Oulu, Finland). · 
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The oscillating oxidation of CO on zeolite supported nm-sized palladium particles is a good 

model reaction for the study of a particle size effect in the nonlinear behaviour.of heterogeµeous 

catalytic systems. The microporous structure of a zeolite host allows the preparation of various 
metal dispersions with narrow particle size distributions within the matrix. 

The effect of the size of the palladium crystallites on the activity and the dyn~ic behavior 

of the catalysts has been studied under shallow bed conditions in a CSTR. The activity and 

the dynamic behavior of the system have been analyzed under similar experimental conditions 

for pre-oxidized catalysts with the same Pd loading, equal to 0.05%, the, same surface area but 
different size of the Pd particles. It was demonstrated, that 

(1) in the case of catalyst with 4 nm Pd particles the activity is higher, the region of oscillations 

more extended and the amplitudes larger compared to a catalyst loaded with 10 nm Pd particles; 

(2) the size of the Pd particles has_ a significant influence upon the length of the transient 

periods during which a stationary oscillatory state is attained. The reaction rate slowly 

increases during the slow reduction of the catalyst and the transient period is shorter in the 

case of 4 nm particles as compared to 10 nm particles; 

(3) while for a small region of CO inlet concentration (0.3 - 0.32%) regular periodic 

oscillations could be established in the case of a catalyst with 10 nm Pd particles, this was not 

possible for a catalyst containing 4 nm particles for any region of CO concentrations. 

The particle size effect upon the oscillatory behaviour during the CO oxidation over zeolite 

supported Pd catalysts is simulated with the help of a deterministic point model and a 

stochastic mesoscopic model. The point model is developed on the basis of a model 

proposed by Sales, Turner and Maple, which is modified to consider the slow processes of 

bulk Pd oxidation and its reduction as well as the effects of the bulk oxidation upon the 

catalyst activity. It is demonstrated that the developed point . model can simulate many 

experimental trends, e.g., the dependence of the catalytic activity and the waveform of the 

oscillations upon the particle size and the pre-treatment of the catalyst as well as the 

anticlockwise hysteresis in the dependence of the reaction rate duiing the cyclic variation of . 

the CO inlet concentration. The stochastic model simulates the reaction by a Markovian chai11: 

of elementary steps of the reaction. The model variables are the numbers of reagent atoms. 

Transition probabilities of the stochastic model are chosen in accordance with the rates of the 

developed point model. It is shown that intrinsic fluctuations and correlations of stochastic 

variables can significantly change the reaction dynamics on nm-sized particles. 
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The experimental studies of oscillatory behavior during CO oxidation over Pd catalysts reveal 

tl)e high sensitivity of the properties of oscillations to the preliminary treatment of catalysts, 

including oxidation or reduction processes. This effect was found to be the most prominent for 

zeolite supported Pd catalysts, where the microporous structure of a zeolite host allows the 

~paration of nm size particles with narrow size distributions within the matrix [ 1 ]. 

, , To simulate the effect of the degree of the oxidation of Pd particles upon the properties of 

self sustained oscillations during the CO oxidation the new mathematical model was 

developed [2]. The model is based on the well-known Sales, Turner and Maple model [3], 

which is modified to consider the slow processes of the bulk Pd oxidation and its reduction as 
. ·.~ •. 

well as the effects of the bulk oxidation upon the catalyst activity. 

The goal of this study is the bifurcation analysis of the developed model, including the 
. .· ·. 

identification of regions of oscillatory behaviour and multiplicity of steady states: The main 

attention will be paid to the character of the Andronov,.Hopf bifurcations (subcritical or 

superctj~ical) at the boarder of oscillatory region. These data represent the important 

information for the analysis of the sensitivity of the system to fluctuations present in the 

system and for the simulation of stochastic oscillations over nm sized particles. 

References 
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' [2]. M.M. Slin'ko, N.V. Peskov, N.l. Jaeger "Mathematical modelling of a particle size 

effect upon the oscillatory behaviour during ·co oxidation over zeolite supported ,Pd 

catalysts" PCCP, 2002 to be published 

[3]. B.C. Sales, J.E. Turner and M.B. Maple, Surf. Sci., 1982, 114,381. 

194 



. , IN-4 
THE CONJUGATE ELECTRON EXCITATION IN A SUBSTRATE-ADSORBATE 

Abstract 

SYSTEM 

A.R.Cholach and V.M. Tapilin 

Boreskov Institute of Catalysis SB RAS 
Prosp. Akademika Lavrentieva 5, Novosibirsk 630090, Russia 
Fax: (007)3832-34-37-66, e-mail:cholach@catalysis.nsk.su 

The electronic peculiarity of the Pt(IO0)-(Ixl) surface affected by various adsorbates and 

interaction in adsorbed layer was studied by Disappearance Potential Spectroscopy (DAPS). Two 

below types of features were developed in DAPS spectra. The first type corresponds to an 

ordinary threshold excitation of platinum core electron to available vacant state. These features 

are attributed to the substrate properties, and their locations are in good agreement with 

corresponding LDOS calculations. The second type of features evidences for a new way of the 

primary electron energy conswnption - the conjugate electron excitation, which includes the 

above threshold transition of the substrate core electron accompanied by excitation of the valence 

electron of adsorbed species to vacuum level. Locations of the respective spectral satellites are 

close to corresponding ionization potentials of a given species in adsorbed layer. Our 

experimental data show altogether more than 10 satellites providing the reliability of the 

conjugate electron excitation process to proceed. The present results as a whole testify 

experimentally to the substantial unity of the substrate and adsorbate electronic structure. 

1. Introduction 

Disappearance Potential Spectroscopy (DAPS) is known to provide information on density 

of vacant state structure (DVS) of a given sample [1-3]. The DAP spectrum represents a 

current of quasi-elastically scattered electrons versus energy of primary electrons. Whenever 

the primary electron energy slightly exceeds the threshold energy, an incident electron · cah 

transmit its energy to the core electron so that both electrons move to states just above the .. 
Fermi level Ep. The DAP spectral features are mainly determined by self-convolution of 

density of states above EF [1-3]. Using DAPS, one can find additional information on the 

chemical bond origin and on the density of unoccupied states in the surface region. 'However, 

DAPS is not widely used by now, and there is insufficient number of papers dealing with this 

technique. DAPS loses in comparison with Auger-electron Spectroscopy (AES), X-ray 

195 



IN-4 
Ph9toelectron Spectroscopy (XPS), Ultraviolet Photoelectron Spectroscopy (UPS), etc. as an 

analytical method. However, the sensitivity of DAP spectra features to the origin of 

surrounding surface species and to the presence of impurities or adsorbed residual gases make 

this technique very promising for studying adsorption and catalysis. 

We have previously shown [4-6] that DAPS can be successfully used for examination of 

platinum electronic properties. The DAP spectra are in agreement with the local density of 

states (LDOS) calculations and the known model of hydrogen adsorption on the 

unreconstructed Pt(l 00) single crystal surface. The present paper is aimed at studying the 

effect of chemisorption on the electronic peculiarities of platinum surface. 

2. Theory 

We present here the calculations of bulk platinum DOS that have been performed with the 

ADF-BAND (Amsterdam Density Functional) code [16]. This code uses the density 

functional formalism, numerical atomic and Slater functions as a basis set, and numerical 

iritegration over the real space for calculations of the Hamiltonian matrix elements that 

permitted to ' avoid muffin-tin approximation for the crystal potential. We use local density 

approximation with Yosko - Wilk - Nusair formulas for exchange-correlation potential [ 17] 

and the spin restricted nonrelativistic option of the program. Numerical atomic functions from 

ls up to 6s, calculated with Herman - Skillman program [18], and 5d, 6s and 6p Slater 

functions · are used as the basis flliictions. The integration over the Brillouin zone was 

performed with the quadratic interpolations of the band structure. 

Fig. IA presents the results of DOS calculations for the bulk platinum in the vicinity and 

above the Fermi level. For assignment of the DAPS peaks the important features are as: a 

relatively small part of d-electron states above the Fermi level and the DOS peak around 10 and 

15 eV. The corresponding energy regions are shaded and denoted by a, b and d. The region c 

between a and b states corresponds to the broad peak of DOS. According to the self-convolution 

model of Lander [19], working quite well for a number of solids, the line.:.shape in DAPS is 

determined by the following equation: 

dW d E E d (E - &) 
-=-Jp(s)p(E-s)d&=p(O)p(E)+ fp(s) p . ds · 
dE dEO O dE . 

(2) 

where p and W stand for Pt bulk DOS and DOS self-convolution, respectively. 
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Figure 1. (A) Pt bulk DOS (the number of states per energy unit per atom); a, b, c, and dare the DOS features 

revealed in DAP spectra (see Fig. 4); (B) Derivative of the Pt bulk DOS self-convolution W normalized 

at state density at the Fermi level crr._ The features a, b, c and d correspond to those in DOS. 

The result of this expression calculation with DOS, shown in Fig. lA, is presented in Fig. 1B. 

One can expect the features in the DAP spectra just above the Fermi level (peak a), at 10 and 15 eV 

(peaks band d) above the Fermi level and a broad feature c between a and b peaks. All the 

mentioned features, excepting d, are in agreement with our earlier calculations based on the 

LMTO-TB approximation [5]. 

3. Experimental 

Experiments were perfonned in an UHV chamber with a residual gas pressure of <1 · 10-10 

mbar, which was equipped with the low-energy electron diffraction (LEED), Auger-electron 

spectroscopy, a dipole mass-spectrometer and an Ar+ ion gun. The DAPS technique was arranged 

by use of 3-grid LEED optics. The central LEED electron gun with a 'tungsten cathode was used 

as a source of primary electrons of variable energy. The surface cleanliness .was checked by AES. 

The finally observed LEED pattern was typical for the Pt(IO0)-hex surface [8,9). The clean 

unreconstructed Pt(lO0)-(lxl) surface was obtained using ''NO-receipt'' of [10,11]. The detailed , 

description of experimental technique and sample treatment can be found elsewhere [4]. The 
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apparent Pt4d512 core level energy of 314.8±0.5 eV (i.e. EF location) was determined as an 

intersection of background and leading edge of the spectrum peak [2,4 ], and it is close to the 

reference value of 314.6 eV [7]. 

(A) Clean Pt(l 00): 

SurveyDAPS 
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al : : 
i a, I I I 

a2 (a+c) (a+d) (2b' 
(a+b) 'I 

+{4d:v) 
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0 JO 15 20 

Ep,eV 
E-E 
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Figure 2. (A) Survey DAP spectra of the clean Pt(lOO) single crystal surface with (lxl) and (hex) 
structtrres of the top layer; (B) Hydrogen adsorption on the Pt(lOO)-(lxl) surface: curves (1) and (2) - original 
DAP spectra corresponding to the clean surface and after H2 exposure of 6 L (Langmuir), respectively; 
curves (3) and (4)-difference DAP spectra, (4) is identical to (3) but magnified by 25 times; (5)- difference 
D~. spectrum corresponding to a 0.9 L exposure of H2, curves (4) and (5) are displayed at the same 
orcnnate scale. 

Since DAPS deals with an elastic electron collection, it certainly accumulates the attendant 

diffraction features, which are to 103 times as large as that of true DAPS peaks, that is why 

the latest are completely hidden. It is particularly pronounced for the well-ordered substrate, 

such as a single crystal surface. In Fig. 2A, the survey DAP spectra exhibit a continuous 
. . . 

sequence of such peaks with mean width at the base of about 15-20 eV, which is a typical 

characteristic of the diffraction features [12]. 

fu order to get rid of the strong diffraction background we followed the difference between 

DAP spectra of clean and adsorbate covered surfaces. Thus the diffraction features suppress each 

otherin difference·spectrum under subtraction. The difference DAPS spectrum Sdifwas computed 

from recorded spectra of clean Sc1 and adsorbate covered surface Sads according to equation: 

s~i~:!i: 'u(0)· Sads - Sc1 (1) 
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where a( 8) accounts for the screening effect of the adsorbed layer at coverage 0 

corresponding to the given exposure; this procedure we described earlier in more detail [4]. 

The sequent construction of difference spectrum is demonstrated in Fig. 2B. In the present 

work we studied the Pt(lOO)-( l x 1) surface in order to maintain the stable substrate structure, 

because the Pt(l 00)-hex surface is known to reconstruct readily under influence of various 

adsorbates [13,14]. The threshold excitation of platinum 4f core electrons is expected to be 

more effective in comparison with that of 4d electrons [15]. Nevertheless, we have 

investigated an energy range of 300-350 eV around the Pt4d core level. Fig. 2A shows that 

this energy interval is more convenient due to a smaller diffraction peak intensity compared to 

energy interval of70-80 eV around the Pt4fbinding energy. 

4. Results and Discussion 

Figures 2, 3 present a set of difference DAP spectra corresponding to various adsorbed 

layers on the clean Pt(lOO)-(lxI) surface. The vacant states in DAP spectra shown in below 

figures and in the text are labeled in accordance with LOOS features in Fig. 1. 

Fig. 2B shows spectra obtained after two different H2 exposures. A considerable difference 

between these spectra results from the ordering in the Hads layer at higher hydrogen exposure. 

Indeed, low and high-energy parts in spectrum (4) correspond to the top and bottom of the 

total spectrum (3), respectively, whereas spectrum (5) does not show the attending diffraction 

feature. Spectra (4) and (5) reveal a triply splitted a-state corresponding to the DOS structure 

of Pt5d band [4-6]. The other spectral features are labeled in accordance with location of two 

interactive electrons (incident and excited) at different DOS states shown in Fig. 1 [4]. 

The peak at 19-20 eV above Pt 4d5,2 threshold is most probably contriputed by the sum of 

double occupation of the b-state and the threshold excitation of the 4d312 core level [4]. Beside 

the splitted a-state, the high-energy region in curve (4) reveals a pronounced peak at _13.7 eV 

whose origin will be discussed below. 

Fig. 3A shows DAP spectra obtained after various CO exposures. The strong diffraction 

background resulted from the ordered adsorbed layer formation, significantly hampers the 

expected fine spectra structure just above the Fermi edge. However, two unresolved peaks at . 
. .. ' i' 

~ 112.6 eV and 13.8 eV are quite pronounced .. As CO exposure rises, the intensity of both 

peaks increases and the intensity ratio changes .,in favor of the latter peak. In addition, the 

feature at~ 18.3 eV is also seen. To assign peaks, its location is compared to the reference . 

data on the respective ionization potentials of COads (Table I). It should be noted that different 

platinum surfaces reveal similar features in the UPS spectra obtained after 02, NO, and CO 
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\adsorption [20,21,25,30,34-36]. Unfortunately, the values of corresponding work functions 

required for determination of ionization potentials are not available. In Fig. 3A, the spectrum 

,feature at ~20.9 eV likely belongs to platinum DOS [4]. 

(A) CO adsorption 

-
Jir_ 

0 5 10 15 20 

E-E p F 

(B) NO+Hads 

(2~ 

(a-state) 

0 5 

DOSP1 

10 

14.4 

(N2p) 

I 

13.7 
(H1s) 

15 

E-E p F 

(3) 

20 25 

Figure 3. (A) Difference DAP spectra related to CO adsorption on clean Pt(l00)-(lxl) surface at 300 K 

and shown exposures (in Langmuirs); (B) Comparative set of difference DAP spectra related to 
interaction of NO with hydrogen covered Pt(IOO)-(Ixl) surface: (1) - after 6 L H2 adsorption on 
clean surface; (2) - after exposure ofsurface (1) to 0.7 L of NO; (3) - after further exposure of 
surface (2) to NO up to total NO exposure of 1.0 L, this curve is displayed in bold type in order to 
distinguish it from other spectra at intersection points; (4) - after exposure of clean Pt(lO0)-hex 

surface to 20 L of NO at 300 K. The double side arrows correspond to the width and locations of 
the respective valence states quitted from the reference UPS data. 

-' Fig. 3B shows DAP spectra obtained after s~arate adsorption of H2 and NO, and in the 

course of interaction NOgas+ Rads• There is also a set of additional features, which cannot be 

treated as ·' a combination of platinum LDOS peculiarities. Even a brief revision of data 

presented in- Table 2 shows the correspondence between location of DAPS peaks and 

respective values ofthe valence band ionization potential. 
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Table 1. Comparison of high-energy DAPS features locations (the peak minimum above EF, eV) 
revealed after CO adsorption on Pt(l00)-(lxl) surface as shown in Fig. 3A with.ionization potentials 
( e V) estimated for the similar systems. Ionization potentials are determined as a sum of UPS peak 
location with respect to Ep and the corresponding work function. 

co References 

ht Sa 4a 

Gaseous 14.01 16.53 19.68 [23,24] 
CO/Pt( 100)-hex 14.6 (ln+5a) 17.2 [24] 

CO/Pt(l 11) 14.2 15.05 17.45 [24,29, 32] 

CO/Pt-foil 14.6 (ln+5cr) 17.1 [33] 
CO/Pt(l00)-(1 x 1) 12.7 13.7 18.3 This work 

0.2L 12.6 13.8 ~18.3 (hidden) 
0.6L 

2.0L 12.6 13.9 ~ 18.3 (hidden) 

Table 2. Comparison of high-energy DAPS features locations (the peak minimum above Ep; eV) 
revealed after R2 and NO adsorption and NO+Rac1s interaction on Pt(l00)-(lxl) surface as shown in 
Fig. 3B with ionization potentials (eV) estimated for the similar adsorbed species<a>. 

Inquiry object H 0 N NO Ref. 
21t In 50' 4cr 

gaseous 13.60 13.62 14.54 9.3 16.9 17.4 21.0 [23,29] 

O/Pt(l00) 12.7 [24) 

O/Pt(l 11) 14.2 [28) 
(O2p) 

O/Pt(ll l) 12.1 [31,32] 

H/Pt(l 11) 12.8 [31] 
(Rls) 

NO/Pt(l00)-hex 12.1 8.9 15.7 20.7 [21,24] 
(O2p/N2p) (ln+5cr) 

NO/Pt(l 00)-hex 8.4 15.5 20.2 [13] 
(l1t+5cr) 

.. 

NO/Pt(lll) 7.9 14.9 18.0 20.7 [29] 

R2/Pt(l 00)-(1 x 1) 13.7 This 
6L (Rls) 

work 
NOgas + Rads 13.7 

I 
. 12.0 16.3 22.2 

0.7 L (Rls/O2p) (bt+Sa) 
NOgas + Rads 13.5 14.4 11.8 15.9 22.5\DJ 

l.0L (O2p) (ln+5cr) 
NO/Pt(lO0)-hex 13.8 1 15.9 23 
20L (O2p/N2p) 1.4 

(aJ Iomzatton potenttals are detenruned as a sum of UPS peak location with respect to EF and the 
corresponding work function; 

(b) peak is not shown in Fig. 3B; location is estimated after subtraction of the linear background. 
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, Indeed, if the hydrogen covered surface (curve (1) Fig. 3B) is exposed to NQ f9r 0.7 L, peak 
I . . . , . . . . . 

Hls at 13.7 eV depletes and a new strong peak appears at 12.0 eV and weak features appear at 

16.3 and 22.2 e V. A decrease of the former peak intensity is in line with a 'remove of Hac1s from the 

surface due to the NOac1s dissociation [21,22] followed by reaction 2Hac1s + Oads ➔ H2Ogas, It 

should be noted that spectrum (2) in Fig. 3B was obtained under the same experimental 

conditions as in ref. [22], were authors have shown the formation of stable NH2,ads species. 

We suppose that in the present case formation of the same species attribute the pronounced 

feature at 12.0 eV, which location is close to ionization potential of the gaseous NH2 particle 

11.14 eV [23]. The peak at 12.0 eV slightly shifts and diminishes at further NO exposure 

(curve (3) Fig. 3B), which is in line with removal of NH2,ads species under these experimental 

conditions [22]. The location of the new pronounced peak at 14.4 eV and the weak features at 

15.9 and 22.5 eV in spectrum (3) are also close to the respective ionization potentials of Nads 

and NOads particles (Table 2). The presence of molecularly adsorbed NOads _o~ platinum 

surface is quite possible in our experimental conditions [13], and atomic Nads species may 

form due to the NOads dissociation and/or the primary electron damage of NOads [20]. Because 

of the last reason the peak at 13.5 eV in spectrum (3) should be related not to Hads, but to Oads 

particles as noted in Table 2. The additional strong feature at 8.5 eV in spectrum (3) is 

probably associated with excitation of Pt5d electrons since it is localized within the 

characteristic energy region of the strong UPS peaks attributing the different platinum 

surfaces [13,23,24]. Peak locations revealed after a 20 L exposure of the clean Pt(lO0)-hex 

surface to NO .(spectrum (4) in Fig. 3B) are close to the corresponding ionization potentials, 

which were determined under similar experimental conditions (Table 2). 

According to data listed in Tables 1-2, DAP spectra generally reveal high-energy satellites, 

which can not be described according to our earlier approach as a combination of platinum vacant 

states occupied by operating electrons [ 4-6]. Moreover, location of these satellites with respect to 
' 

the substrate Fermi level is close to ionization potentials of the given species in adsorbed layer. 

This evidences for a new way of the primary electron energy relaxation, which includes the 

excitation of the substrate core level accompanied by the threshold ionization of atoms and/or 

molecules forming the adsorbed layer. The simultaneous energy transfer followed by localization 

of the primary and core electrons at the vacant a-state just above Ep may be realized as follows: 

. - 4d!O y2 0 4d9 yl 2 -e p + 0 + + a ➔ 5/2 + + a + e em (3) 

where e; is a primary electron, e ;m is electron emitted from the given valence state V. 
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Then the energy conservation should be written according to the below equation: 

Ep = EB +I+ 2 Ea (4) 

where Ep, E~ and J 'stand for absolute values of the primary electron energy, · core level · 

binding energy, and ionization potential of valence state V, respectively; Ea stands for the 

energy of the vacant a-state above Ef. 

On the one hand, the location of the DAPS satellite should exceed the respective ionization 

potential by 2 Ea according to equation (4). On the other hand, the' satellite locati6n should be 

lower than the ionization potential determined from UPS data. This is due to the derivative · 

mode of experimental DAP spectra, because location of the DAPS peak minimum should 

correspond to the leading edge of the broad UPS feature. However, the agreement between 

DAPS and UPS data (Tables 1, 2) seems to be significant, though one cann~t expect a precise 

conformity. It is very unlikely that the above DAPS satellites are originated from a spectra 

subtraction technique and/or imperfection of the surface structure because of the significant 

difference between width of satellite and diffraction peaks [12]. Our experimental data show 

altogether more than 10 satellites providing the evidence of reliability of the conjugate 

electron excitation process [ 4]. 

Core and valence electrons separately are an ordinary objects for admission of external 

energy. The DAPS technique is actually a probe, which reveals energy thresholds of the 

primary electron current consumption. Our data indicate that a threshold conjugate excitation 

of both, core and valence, electrons becomes possible if Ep in equation (4) overcomes the sum 

of EB and J. This process is not considered as an excitation of the core electron of a Pt atom 

directly to the atomic orbital of the adsorbed atom. We suggest that ionization of the adsorbed 

species results from excitation of the metal core electron to the metal valence orbital, which is 

strongly bounded through a chemical bond with an orbital of the adsorbed species. Moreover, 

the intensity of such features in DAP spectra may be considered as a measure of the chemical 

bond strength. The presence of similar features at 8-9 eV above EF in DAP spectra, related to ,, 

clean and adsorbate covered surface ( see Fig. 3 B and ref. [ 4 ]), indicates that valence state Vin 

equation (3) may belong to substrate and to adsorbed species as well. Moreover, on the basis 

of the detailed analysis of DAP spectra, we assume that the platilll.lm plasmons characterized 

by a neighbor distance of 6.0 ± 0.8 eV are distinguishable [4]. 

The DAPS spectral satellites corresponding to joint excitation are in qualitative accordance 

with electronic peculiarities of solids revealed by other techniques. Indeed, these features are 
_.,. . ' . .. . . 

similar to those of shake-off satellites in AES and XPS spectra [32,33]. The latest correspond 
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to relaxation of the core hole accompanied by emission of the valence electron of the same 

atom in continuum. On the other hand, the UPS technique evidences that the substrate and 

adsorbate electronic properties are quite specific. Besides, emission of both the substrate and 

adsorbate valence electrons is readily exhibited in UPS spectra. The DAPS principle differs 

significantly from that of AES, XPS and UPS. It concerns the incident particles, the excitation 

mechanism, the confonnational interaction, and the final state structure, etc. However, all 

these techniques deal with the similar electronic peculiarities, which should be of the same 

origin. To summarize, our data show that excitation of the substrate core electron 

accompanied by excitation of the valence electron of the neighboring adsorbed species does 

not seem to be improbable. Moreover, it emphasizes a strong correlation between the 

substrate and adsorbate electronic structure. 

Conclusions 

1. The electronic peculiarity of the Pt(l00)-(1 x 1) surface affected by different adsorbates 

was studied by Disappearance Potential Spectroscopy. Two below types of features were 

revealed in DAP spectra: 

(i) The first type of features corresponds to the ordinary threshold excitation of the 

platinum core electron to available vacant state. These features are mainly attributed to 

substrate properties and faintly depend on the adsorbate origin. Peak locations are in good 

agreement with LDOS calculations related to platinum unoccupied states; 

(ii) The second type of features evidences for the conjugate electron transition, which 

includes the above excitation of the substrate core electron and excitation of the valence 

electron of adsorbed species to vacuum level. The location of the respective satellites in DAP 

spectra strongly depend on the adsorbate origin. 

2. The . present results testify to the substantial unity of the substrate and adsorbate 

electronic structure and display potentials of the DAPS technique to reveal peculiarities of the 

surface unoccupied states and valence states corresponding to both the substrate and 

adsorbate. 
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The modelling of self-oscillations and surface autowaves in CO oxidation reaction over 

Pd(U0) has been carried out by means of the Monte-Carlo technique._ The synchronous 

oscillations of the reaction rate and surface coverages are exhibited within the range of the 

suggested model parameters (under the conditions very close to the experimental 

observ~tions). It has been established that the surface phase transition (lxl) ➔ (lx2), 

modelled as the adsorbed CO diffusion anisotropy, does not influence the oscillation kinetics 

but leads to the appearance of the reaction fronts elliptically stretched along the [110] 

direction in close agreement with the known experimental data. 

1. Introduction 

Experimental study of CO oxidation over Pd(ll 1), Pd(ll0), Pd(210) single crystals 

has evidently shown that the modification of the catalytic properties of the palladium surface 

occurs under the particular reaction conditions caused by the penetration of .the adsorbed 

oxygen atoms into the subsurface layer. These modifications could manifest in the reaction 

kinetics as the critical effects - hysterese, self-oscillations and chemical waves on the surface. 

The-'oscillation mechanism is usually assumed to be connected with the change of the oxygen 

sticking coefficient caused by the reversible subsurface oxygen formation: Oads ~ Oss. 

Based on the «oxide model» proposed for the explanation of the critical phenomena in CO 

oxidation reaction over platinum metals [ 1] different catalytic systems has been modelled using the 

so-called «traditional approach (the analysis and solving of differential equation systems build on 

the detailed reaction mechanism), e.g., the rate and concentration oscillations in CO oxidation 

reaction over Pd(l 10) [2] and Pt(l 10) [3]. However, due to the use of modern physical methods for 

studying catalytic surfaces, the adsorbate distribution even on the single-crystal surfaces has been 

found to be substantially non-uniform, and a wide spectrum of spatiotemporal structures 
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(solitons, spiral and travelling waves, chaotic alternating of islands of different adsorbates 

resembling the turbulent motions, etc.) is observed on the surface in the course of numerous 

catalytic reactions. To describe such phenomena, it is insufficient to use the systems of 

ordinary differential equations, which, in some cases, describe quite satisfactorily the 

complicated dynamic behavior of such integral characteristics as the reaction rate and the 

dimensionless coverage of the surface with adsorbates. A very promising approach, being 

actively used in the recent decade for the description of interrelated and competing 

physicochemical processes on catalytic surfaces, is the imitation simulation of these processes 

by means of the statistical lattice models (Monte Carlo technique). This approach makes it 

possible to describe most adequately the spatiotemporal dynamics of the behavior of 

adsorbates on the catalytic surface. 

Recently the statistical lattice model has been studied for the (CO+ 0 2) / Pd(ll0) [4], 

which takes into account the change of surface properties due to the penetration of the 

adsorbed oxygen into subsurface layer. This model demonstrates oscillations in the rate of 

CO2 formation and in the concentrations of the adsorbed species, as well as the autowave 

processes on the model palladium surface. But the model surface in our previous study [4] 

was assumed to be homogeneous, i.e., the surface structure of the palladium single crystal was 

not taken into account. However it is well known, that CO or oxygen adsorption over the 

Pd(l 10) surface leads to the surface structure transformation [5] into the so called «missing 

row» structure: (lxl) ➔ (lx2), Fig. 1. The presence of steps introduces diffusion anisotropy 

and the diffusion rate of COads along and across the rows can differ noticeably, e.g., three 

times as many for the Pt(ll0) [6] (unfortunately, there is no experimental data for the 

Pd(ll0), for a review see [7]). 

{ 11 O]' 

t 
-[001] 

(lxl)-+ (CO, 02 adsorption)-+ (lx2) 

Fig.1. Reconstruction of the Pd(llO)-(lxl) surface into the (lx2)" missing-row" structure 
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The anisotropy of surface diffusion should reflect in the shape of the chemical wave 

propagation observed in the oscillatory reaction regimes. In fact, elliptically shaped target 

patterns and spiral waves have been observed experimentally in numerous catalytic systems 

on stepped surfaces: CO oxidation on Pt(llO) [8-10], Hz oxidation on Rh(ll0) [11], NO+ H2 

and H2 + 0 2 reactions on Rh(553) [12], etc. In our work we have studied the anisotropic effect 

of COai1s diffusion on the reagent distribution over the surface and on the adsorbed species 

dynamics in the oscillatory regime of CO oxidation over Pd(l 10) using the statistical lattice 

model developed in [4] as a basis. 

2. The model 

The following reaction mechanism based on our FEM data was used in simulation [4]: 

2) COgas + * H COat1s 

3) COac1s+ Oatts➔ C02(gas) + 2* 

4}0ads+ *v ➔ [Oss] 

5) COads + [Oss] ➔ C02(gas) +2*+*v 

6) COgas + [Oss] H [COattsOss] 

7} [COadsOss] ➔ C02(gas) +* +*v 

Here * and *v are the active centres of the surface and subsurface Pd layer, respectively. 

Formation of the subsurface oxygen proceeds according to step 4, reduction of the initial 

surface - due to reactions 5 and 7 ( «cork-screw» reaction). The adsorbed COads species 

can diffuse over the surface according to the following rules: i) COads + * H * + COads, 

ii} COads+ [*Oss] H * + [COadsOss], iii} [COadsOss] + [*Oss] H [*Oss] + [COadsOssJ. 

1be simulation was performed on the lattice with a size of NxN quare cells with 

periodic boundary conditions (for the most part of our simulations N = 768). Each lattice cell 

can exist in one of five states: *, COads, Oads, [*Ossl, [C0ads0s5]. The states of the cells are 

determined according to the rules specified by the detailed reaction mechanism. For steps 1 ), 

2), -2), 4), 5), 6), -6), 7), the values of k; were specified as a set of numbers, which can be 

considered as the rate constants of these elementary steps taking into account the partial 

pressures of 0 2 (step 1) and CO (steps 2 and 6). That is, the values for 0 2 and CO adsorption 

(k1, k2, and "6) can be treated as a product of the impingement rate (kixP;) and of the sticking 

coefficiem: (Si). The following set of the rate coefficients was used in simulation: 

11 k2 k.2 k, ks k6 k.6 k7 

1 1 0,2 0,03 0,01 1 0,5 0,02 
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We suppose that reaction 3 proceeds immediately as soon as adsorbed COads and Oads 

appear in nearest neighbourhood. After each success,ful attempt of CO or 0 2 adsorption as well as 

of COac1s diffusion, the neighbouring cells were checked to find the partners in reaction 3. If the 

partners were found then the cells were given the state *, and one more CO2 molecule was 

added to the reaction rate counter. 

The method for processing the steps i)-iii) of COads diffusion over the smface will be 

discussed below. The prescribed constants were recalculated as a probabilities of the 

realization of elementary processes wi by the formula: w; = kJL k; .. Using a generator of 

random numbers uniformly distributed over the (0, 1) interval, we chose one of these 

processes according to the specified ratio of their occurrence (the «comb» of probabilities). 

Then, also using pairs of random numbers, the coordinates of one cell ( or two adjacent cells, 

depending on the chosen process) were determined from NxN cells of lattice. This algorithm 

(first, choice of the process and second, choice of the cell) makes it possible to take into 

account the dependence of the step rates on the adsorbate coverage. The detailed description 

of the algorithm can be found in [4]. 

The so-called MC-step (MCS) consisting of NxN attempts of choice and realisation of 

«main» elementary processes { 1-2,4-7} is used as a time unit in the Monte Carlo models. 

During the MCS, each cell is tested on the average once. The reaction rate and surface 

coverages were calculated after each MCS as a number of CO2 molecules formed ( or the 

number of cells in the corresponding state) divided by the total value of the lattice cells N2• In 

the course of each MCS after every choice of one of the above-named processes and an 

attempt to perform this process the inner cycle of COads diffusion was processed, which 

included (Mx + My) attempts of random choice of a pair of adjacent cells of the lattice. For the 

sake of simplicity we did not model in direct way the process of (lxl) ➔ (lx2) surface 

reconstruction, we only proposed that the intensity of COads diffusion was different in x (Mx 

attempts) and in y (My attempts) directions on our square lattice representing the catalytic 

surface (diffusion anisotropy, xis the [110] direction). If the {COads, * }, {COads, [*OssH, 

{ *, [COac1sOss]}, { [COadsOssJ, [*Oss1} pairs turned out to be these pair.s, the states in these cells 

were interchanged according to the rules i)-iii), i.e. diffusion took place. Otherwise, the 

attempt of diffusion was rejected. 
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3. Results and discussion. 

The simulation was performed on. the lattices with N varied from 50 to 1500 cells at 

the ratio of the diffusion cycle parameters Mx/My being equal to 75/25, 80/20 and 85/15. The 

values of the rate coefficients are referred above. Surprisingly, but the integral oscillations of 

the reaction rate and of the surface coverages (Fig. 2) do not vary with the change of the ratio 

Mx!My and do not differ from the case with isotropic diffusion Mx = My = 50, [4]. The 

amplitude, the period and the shape of oscillations remain invariable. 

2 M =75 M =25 --1- M =80, M =20 -1- M =85, M =15 i ~::~• ' y x y X y d) 

CII 0, 1 
Q) 

0:: 0,0 t 

0 ,4 .· 

• 

1000 2000 3000 4000 5000 6000 7000 8000 

"' 
; 0,2 c) 

0 
0,0 

. I 
~ o 3 0 1000 2000 3000 4000 5000 6000 7000 8000 

~0:2~b) 
..'!, 0 ,1 

O 0,0 . · 
+------.--....----,.---.-----,.--.---.---.-----,---.-----,.----.--.----r--r----., 

~ 0,6~0 :, , 1000 2000 3000 4000 5000 _ 6000 7000 8000 

!:!. a) 
0 0,3 .. 

(.) 0 ,0 

I 
0 1000 2000 3000 4000 5000 6000 7000 8000 

Monte Carlo steps 

Fig. 2. Dynamics of changes in surface coverages CO(ads) = COads (solid line) and [COadsOssl 

(dash-dotted line), O(subsurf) == *Oss, O(ads) == Oads and the specific reaction rate at 

· different ratios MxlMy (the instants of switching of diffusion parameters are shown by arrows). 

· ·' · N = 768, the rate coefficients are listed in the table. 

· But the chemical wave pattern observed on the model surface in the oscillation regime 

becomes anisotropic and the shape of the propagation of the reaction fronts reflects the 

increasing value of the M/My ratio. This signifies that the kinetic measurements of the 

reaction rate and concentrations only could not reveal the anisotropic effect of the adsorbed 

species diffusion, this effect could be observed only by using the physical methods for the 

direct surface imaging. Let us compare the simulated snapshots showing the adsorbate · 

distribution over the surface during surface oxygen wave propagation at the instants of the' 

reaction rate ignition. For the correct comparison the snapshots are chosen having the 

approximate equal oxygen coverages (Oads ~ 0.05) and different Mx/My, Fig. 3. 
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Fig. 3. Snapshots reflecting the adsorbate. distribution over the surface during oxygen wave 

propagation: Oac1s is black, Q55 is 75% grey, COads is 50% grey, [COac1sOss] is 25% grey and the 

adsorbate-free surface is white. a) 2979 MCS, M,/My = 75/25; b) 3951 MCS, M,/My = 80/20; c) 

7344 MCS, M,/My = 85/15. 

The snapshots show the elliptically deformed along the [1 i OJ direction (in our case x 

direction) oxygen islands surrounded by the narrow regions with elevated concentration of the 

free active centers, reaction zone [4]. Due to the rapid 0 2 adsorption and subsequent fast 

reactio~ with neighboring COads the formation of CO2 molecules proceeds most intensively 

just in that reaction zone. 

Acknowledgement: The financial support of the INT AS Grant # 99-01882 and RFBR Grant # 

02-03-32568 is highly appreciated. 

References 

[1] B.C. Sales, J.E. Turner, M .. B. Maple. Surface Sci., 114 (1982) 381. 

[2] M.R. Basset, R. Imbihl. J. Chem. Phys., 93 (1990) 811. 

[3] AL. Vishnevskii, V.I. Elokhin, M.L. Kutsovskaya. React. Kinet. Cata/. Lett., 51 (1993) 211. 

[4] E.I.Latkin, V.I.Elokhin, A.V.Matveev, V.V.Gorodetskii .. J. Mo/. Cata[. A: Chem., 158 

(2000) 161. 

[5] H. Tanaka, J. Yoshinobu and M. Kawai. Surface Sci., 327 (1995) L505. 

[6] H. H. Rotermund, S. Nettesheim, A. von Oertzen, G. Ertl. Surface Sci., 275 (1992) L645. 

[7] M. U. Kislyuk. Kinet. Kata/., 39 {1998) 246 [Kinet. Cata/., 39 (1998) 229, Engl. Transl.]. 

[8] A. von Oertzen, H.H. Rotermund, S. Nettesheim. Surface Sci., 31! (1994) 332. 

[9] S. Jakubi1h, H.H. Rotermund, W. Engel, A. von Oertzen, G. Ertl. Phys. Rev. Lett., 65 (1990) 3013. 

[10] A.J. Patchett, F. Meillen, W. Enge~ AM. Bradshaw, R. Imbihl. Su,face Sci., 454-456(2000)34 l. 

[11] F. Mertens, R. Imbihl. Chem. Phys. Lett., 242 (1995) 221. 

[12] A. Schaak, B. Nieuwenhuys, R. hnbihL Surface Sci., 441 (1999) 33. 

211 



IN-6 
OXYGEN-INDUCED l_l.ECONSTRUCTION AND SURFACE EXPLO~ION 

PHENOMENA IN TIIE ·NO+CO/Pd(ll0) SYSTEM: THEORETICAL AND 

EXPERIMENTAL STUDIES 
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1. Introduction 

The No+CO reaction on Pt and Pd surfaces is of practical importance due to the key role of 

NOx emission in air pollution and interest due to the dynamic behavior, especially in connection 

with new experimental data, allowing to throw light upon the nature of sustained kinetic 

oscillations [l]. In contrast to the Co+02 reaction on a Pt(l00) surface, the adsorbate-induced 

Pt(l00) lxl <=> hex phase transition is not considered to be essential for the NO+CO 

oscillation mechanism [2]. Under heating of Pt(l00) surface at the coadsorbed NOads and 

COads layer up to T ~ 400 K, the reaction product forms in an "explosive" way giving rise to 

extremely narrow desorption peaks (FWHM ~ 5 K) CO2 and N2• This surface "explosion" is 

due to an autocatalytic increase of vacant sites for NO dissociation being as a main driving 

force for kinetic oscillations under steady-state conditions. Some studies of Co+NO reaction 

over palladium surfaces have shown that the decomposition of nitric oxide to N2 molecules is 

the rate limiting step followed by rapid COads + Oads reaction to yield CO2. Bimolecular 

reaction step (NOads + COads ➔ Nads + CO2) to be a limiting stage in CO+NO reaction at 

higher pressures also has been shown [3]. 

The purpose of the present work was (i) to investigate the coadsorption of NO and CO on 

Pd(l 10) surface; (ii) to examine the effect ofcoadsorbed oxygen (Oads and Oss) on both the 

NOads + COads reaction and adsorption of NO; (iii) to calculate the adsorption heats of oxygen in a 

dissociative form on the Pd(l 10) and Pd nanocrystals by the method of interacting bonds. 

We have studied the reaction between 15NOads and COads molecules on the Pd (110) 

single crystal surface by temperature.-programnied reaction spectroscopy (TPR). The effect of 

the metal particle size on catalytic properties ;has been studied using the semi-empirical 

method of interacting bonds (MIB) by calculating the heats of adsorption of 0 2 and NO in a 

dissociative form on the Pd(l 10) and Pd nanocrystals. 
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2. Experiment 

The TDS and TPR experimental device used on the single crystal Pd(l 10) surface is 

described in detail in ref; [4] '.. · The UHV chamber is equipped with VG QXK 400 quadrupole 

mass spectrometer, sputtering ion gun . and a molecular beam <loser. The TD spectra were 

obtained with a heating rate of 6 K s-1• Steady-state rates for the catalytic NO+CO reaction on 

Pd(l l 0) surfaces have been measured with the gas flow controlled by mass spectrometer. 

3. Theoretical and experimental results 

MIB Effect of the metal particle size on catalytic properties has been studied by the 

semi-empirical method of interacting bonds (MIB) [5] by calculating the heats of oxygen 

adsorption in a dissociative form on the Pd(l 10) and Pd nanocrystals. This .technique permits 

(i) to study the influence of the subsurface oxygen (Oss) on the stability of palladium 

nanoparticles and Pd(l 10) single crystal surface reconstruction and (ii) to reveal the 

mechanism of Oss layer action on the adsorption heat of COads molecules and on the bond 

strength of the atomic Oads state. The simulation has shown that the most energy favourable 

states for palladium are the multiple bonded states of atomic Oads in the structures Pd3-Oads and 

Pc4-Oads as shown in Fig. 1. The adsorption heat of oxygen in multiple bonded states Pdi-Oads 

(hollow) is much higher in comparison with Pd2-Oads (bridged) state: this species is likely to 

exist in the initial steps of adsorption as an intermediate state which converts into the more 

multiple bonded forms. 

Oxygen atom positions 

-• • -
Fig. 1. On-top, bridge and hollow sites location of Oads on the (111), (110) and (100) surfaces. 

Calculated heats of oxygen adsorption MI (kc~l/mol) 

on-top bridge hollow hollow cluster 

-2.5 18 29 35 octahedron 

-4.5 · 15 26 icosahedron 

213 



IN.,;6 . 

2Using MIB, -for the fir~t time the morphologic~l convertibility of palladium nanoclusters 
: . . 

und~~ the influence of the Oads adlayer has been provided. In accordance with simulations ·the 

most stable cluster configuration for the 13-atomic cluster is the regular icosahedron. But 

adsorption of 9 oxygen atoms in the · Pd3-Oads and P~-Oads states is accompanied by the 

structure transition and by transformation of the icosahedron into the cuboctahedron as shown 

in Fig. 2. That is of special interest in oxidative catalysis because of the morphological 

stability of nanoclusters in oxygen presence. The six-oriented metal cluster has been shown to 

be the most stable for the 20-atomic cluster in toroidal structure. The adsorption of 17 oxygen 

atoms leads to the re~onstruction of the six-oriented 20-atomic cluster into the four-oriented 

one. Taking into account the interactions of the palladium atoms situated in the second and 

third cluster layers with the upper layer of the metal atoms, the drastic decrease of the oxygen 

atoms concentration has been observed (up to 6 Oads atoms) resulting in the reconstruction of 

the 20-atomic cluster into the four-oriented one. 

Model clusters 

Morphology transitio11 _(0ads) 
•,,,. , >, C 

icosahedron ➔ ,. ... .octa_hedron 

Fig. 2. The equilibrium configurations of the icosahedron and cuboctahedron clusters. 

NO dissociation TD spectra of 15NO adsorbed on Pd(ll0) surface at 100 K have one 

desorption peak at 490_K, when the surface coverage is low at 15NO exposure (0.2+1.0 L), 

Fig. 3. If the NO coverage increases up to 2 L ( 1 L= 10-6 torr s ), additional desorption peaks at 

347, 262 and around~ 200 K will appear. During these experiments single desorption peaks 

N2 ( 496 K), N2O ( 496 K) and 02 (822 K) were observed as a result of NO decomposition 

according to [ 6]. 
'. ,( . . 

The adsorption of N.O on palladium surface_s has been studied for the (100), (111), 
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(110), (112} and (320) surfaces [7-9]. It is reported that molecular NO states desorb at low 

temperature (T < 300 K) and then NOads molecules dissociate partially at room temperature [10]. It 

is concluded that the produced N and O atoms diffuse into the metal at 300 K and diffuse back to 
! l. 

the surface at increasing temperature. The diffusion of oads atoms into Pd is well known to be a 

result of presence of a small energy barrier for Oac1s ➔ Osub process [2]. The order of activity for the 

N-O bond breaking is as follows [10]: Pd (100) > P~1y> Pd(l 11) ~Pd(l 10). 

C 
::, 

.0 .... 
(ti -
~ 
(/) 

C 
Q) -C 

262 K 

347 K 
31 NO 

496 K 

200 400 600 800 1000 

Temperature (K) 

496 K 

822 K 

200 400 600 800 1000 

Temperature (K) 

12NO/Pd(l 10) 
T = 100 K 

ads 

2.0 L 
1.0 L 
0.6 L 
0.4 L 
0.2 L 

Fig. 3. TD spectra of NO (31 ), N2 (30), N20 ( 46) and 0 2 (32) after exposure the Pd(l 10) surface to 

various doses of NO at 100 K. 

The effect of oxygen preadsorption has been studied at an initial coverage of oxyg~n and 

NO applying both adsorption sequences. Desorption/decomposition processes occurring 1,1pon 

heating of NO layer on clean Pd(l 10) and O/Pd(l 10} surfaces can be deduced from Fig. 4_a"'.b. 

As an example in Fig. 4b TD spectra are shown the· increase of amount of molecular NOac1s 

states after exposing of O/Pd(l 10) surface to nitric oxide. Two NO desorption .peaks are 

observed at 450 and 290 K and a shoulder occurs at around 200 K. Intensity of N2 and N2O , 

peaks in the temperature range where dissociation occurs is strongly decreased. It. has been 

suggested that the probability of NO dissociation decreases on oxygen-cover~d Pd surfaces in 
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C 
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■ 32 02 
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Q) ..... 
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200 400 600 800 1000 

290 K 450 K 

1 L 15NO + 0.2 L 18O/Pd(110) 

0.2 L 180 2 

preheating up to 200 K 

1 L 15N 0 

... .... ... . . .. .............. l'v.:. . . -............ . . . . .. . ··•. ······ ... .. ..... . ~·············. 0 t I cl I ft z£ ftS • is;; .,.... ~ ___ .__ __ 

200 400 600 800 1000 

Tern perature (K) 
Fig. 4. TD spectra after exposure clean Pd(l 10) surface to NO at 100 K (a) and of mixed O/NO layers 

at fixed oxygen 0.2 L preexposure surface (b ). 

comparison to the clean palladium surfaces. Similar results have been observed on the 

Pd(331) single crystal: small amounts of oxygen block the step sites and inhibit NO 

dissociation [ 11]. 

No+CO reaction in Fig. 5 shows series of spectra produced when the Pd(l 10) surface is 

exposed to 0.1 L of CO followed by 0.05+0;3 L of 15NO. Comparison of these spectra with those 

in Fig. 3 shows that the N2 and N2O peaks ( 482 K) look different from the peaks ( 496 K) seen at 

the surface exposure to pure NO. Oxygen desorbs as a peak centered at 820 K. The products, 

N2 and CO2, desorb in simultaneous peaks'within the temperature interval 460+480 K. Thus, 

it is indicative of a so-called "surface explosicin'' [12}>Recent studies of the CO+NO reaction 

have reported an explosive CO2 production over Pd(l 00) surface which does not reconstruct 

[13,14]. The behaviour of the N2 and CO2 desorption peaks for (NO+cO)/Pd(lO0) does not differ 
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from that for (NQ+CO)/Pd(l 10). The peak temperatures of N2 (483 K) and CO2 (471 K) for 

Pd(l 00) are close to those for Pd(l 10). 

NO 
uNO+CO/Pd(llO} 

N2 
482 K "NO+ 0.1 L CO 

530 K "NO: a) 0.05 L 
b)0.I0L 

e c)0.15L 
d d) 0.20 L 
C 

b e) 0.25 L - • . t) 0.30 L . 
C: 200 400 600 
::J co . 455 K 
.c 
i... • m d e - C d 

b 
C >- a b ...... 

Cl) 200 400 600 800 1000 200 400 600 800 1000 C: 
Q) CO2 

460 K N20 482 K ...... 
C: 

• • 
d d 
C C 
b b 

• • 
200 400 600 800 1000 200 400 600 800 1000 

Temperature (K) Temperature (K) 

Fig. 5. TPR spectra for Pd.(110) precovered with CO and exposed to 15NO at 100 K. The heating rate is 6 K s·1• 

1.6 490 K 0.50 
44 CO 2 co + 1 L llNO + 0.2 L ilplPd(l 10) 

0.45 
1.4 266 K 

0.40 
1.2 

0.35 

1.0 
0.30 - d d 0 .8 0.25 

C C 

::J 0.6 
b 

. 0.20 

0.15 C 

.0 0.4 

L.. 0.10 
b m 0.2 a 

0.05 - 0.0 a 

.z- 0.00 

Cl) 33 NO 
0.50 46 CO 2 C: 496 K 
0.45 0.2 L 180 2 

Q) 0.15 267 K preheating ..... 0.40 496 K 
C: up to 200 K 

0.35 
1.0 L 15NO 

0.10 
0.30 co a) 0.1 L 
0 .25 b) 0.2 L 
0.20 c) 0.3 L . 

0.05 0.15 d) 0.5 L 

0.10 

0,05 
0.00 

0.00 a 

200 400 600 600 1000 200 400 600 800 1000 

Temperature (K) Temperature (K) 

Fig. 6. TPR spectra after exposure of mixed O/NO layers at fixed oxygen 0.2 L and nitric oxide 1 L 

preexposure Pd(l 10) surface to CO at 100 K. 

217 



IN-6 

Preadsorption of oxygen and nitric oxide on Pd(l 10) surface has a dramatic effect on the COads 

-+Oads reaction at low coverages. Fig. 6 shows TPR spectra obtained after 180i (0.2 L) + 15NO (1 L) 

exposure on the clean surface, followed by 1exposure to CO (0.1+0.5 L). Comparing the 

spectra in Fig. 5 and Fig. 6, we see that two new CO2 peaks at 267 K and at 496 K are 

observed. The low temperature production of carbon dioxide molecules is due to the 

reactions: 

1. COads + 15NOads ➔ CO16O16 gas (44 m.e) + 15Nads +*(empty site) 

2. COads + 15NOads + 18Oads ➔ CO16O18 gas (46 m.e) + 15NOads + 2* (empty site) 

In summary the low temperature COads + 15NOads interaction on a precovered layer of 

atomic oxygen on the Pd(l 10) surface shows a possibility of realization of bimolecular 

reaction mechanism. 

3. Discussion 

Reaction mechanism Several mechanisms have been proposed in the literature for the 

"surface explosion" over platinum metals [13-15]. The lxl ~ hex structural phase transition 

is proposed on (No+CO)/Pt(lO0) [15]. Since no structural phase transition was observed over 

Pd single crystal surfaces, a "vacancy model" mechanism has been proposed [14,15]. 

It has been shown that the NOaas dissociation on the Pd(l 00) and Pd(l 10) surfaces 

requires the adjacent vacant adsorption sites. A clean-off reaction between COaas and Oads 

results in the CO2gas formation; then a recombination of two Naas atoms leading to the N2 

formation occurs accompanied by the release of the vacant adsorption sites, necessary for the 

dissociation of further NOads molecules and for the CO adsorption. The reaction mechanism is 

described as follows: 

co + * ¢::> COads 2 Naas ➔ N2 + 2* 

NO + * ¢::> NOads COads + Oads ➔ CO2 + 2* 

NOads + * ➔ Nads + Oads NOads + Nads ➔ N2O + 2* 

The unreconstructed Pt(l00)-lxl surface shows a high activity in the NOaas + COaas reaction 

accompanied by N2 and CO2 peaks formation (350 K). The reconstructed Pt(lOO)-hex surface 

appears to be less active under the same conditions (395 K). The Pd(l 10) surface shows a low 
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activity (460 + 482 K). The lxl ~ hex phase transition is related with the "surface 

explosion" on (NOacts+cOacts)/Pt(l 00). Since no structural phase transition was observed on 

the Pd(l 10) surface, the low activity of palladium is considered to reflect the different 

bonding energy of oxygen and nitrogen ~datoms for Pt and Pd surfaces. 

Acknowledgement 
·'. 

This work is supported in part by RFBR Grant# 02-03-32568 and INT~S Grant# 99-01882 

References 

[1] B.E. Nieuwenhuys, Adv. Catal. 44(2000) 259. 

[2] R. Imbihl, Progr. Surface Sci., 44 (1993) 185: 

[3] R.L. Klein, S. Schwartz, L.D. Schmidt, J. Phys. Chem. 89 (1985) 4908. 

[4] V.V. Gorodetskii, A.V. Matveev, P.D. Cobden, B.E. Nieuwenhuys, J. Molec. Catal. A: 

Chemical 158 (2000) 155. 

[5] N.N. Bulgakov, Yu.A. Borisov, V.V. Popovskii, Kinet. Katal. 14 (1973) 468. 

[6] R.G. Scharpe, M. Bowker, Surf. Sci. 360 (1996) 21. 

[7] H. Conrad, G. Ertl, J. Kiippers, E.E. Latta, Surf. Sci. 65 (1977) 235. 

[8] R.D. Ramsier, Q. Gao, H. Neergaard Waltenburg, J.T. Yates, Jr, J. Chem. Phys. 100 (9) 

(1994) 6837. 

[9] M. Hirsimaki, S. Suhonen, J. Pere, M. Valden, M. Pessa, Surf. Sci. 402 (1998) 187. 

[10] S.Sugai, H. Watanabe, T. Kioka, H. Miki, K. Kawasaki, Surf. Sci. 259 (1991) 109. 

[11] S.W. Jorgensen, N.D.S. Canning, R.J. Madix, Surf. Sci. 179 (1987) 322. 

[12] M.W. Lesley, L.D. Schmidt, Surf. Sci. 155 (1985) 215. 

[13] M. Date, H. Okuyama, N. Takagi, M. Nishijima, T. Aruga, Surf. Sci. 341 (1995) L1096. 

(14] M. Date, H. Okuyama, N. Takagi, M. Nishijima, T. Aruga, Surf. Sci. 350 (1996) 79. 

[15] Th. Fink, J.-P. Oath, R. Imbihl, G. Ertl, Surf. Sci. 245 (1991) 96. 

219 



IN-7 
CO, 0 2 COADSORPTION AND CO+ 02 OSCILLATORY REACTION ON Pd TIP 

AND Pd(ll0) SURFACES: FEM, TPR, XPS STUDIES 

V.V. Gorodetskii, A.V. Matveev, A.V. Kalinkin and B.E. Nieuwenhuys1 

Boreskov Institute of Catalysis SB RAS, Pr. Ak. La.vrentieva 5, Novosibirsk 630090, Russia 
Fax: + 7-3832-343056; E-mail: gorodetsk@ catalysis.nsk.su 

1Leiden Institute of Chemistry, P.O.Box 9502, 2300 RA Leiden, The Netherlands 

1. Introduction 

Unslackened interest in self-oscillatory phenomena in catalytic reactions over metal surfaces 

[1] is for a large part caused by the possibility to perform catalytic processes more effectively 

using unsteady-state operation. The extensive study of model reactions (CO+O2, CO+NO, 

NOx reduction, etc.) has been stimulated by the relevance of these reactions to air pollution 

control [2]. The automotive catalyst is based on the precious metals, usually Pt, Rh or Pd. CO 

oxidation and NOx reduction on noble metal surfaces are highly non-linear systems. Usually 

these reactions are operated under conditions far from thermodynamic equilibrium, where 

temporal and spatial organizations become possible. In the oscillating regime of the reactions, 

the reaction mixture · periodically affects the metals properties. These processes can be 

accompanied by (i) surface phase transition; (ii) facetting of the surface; (iii) formation of 

oxide layers. Two different mesoscopic and microscopic analytical tools have been introduced 

and successfully applied to learn details about the reaction dynamics at catalyst surfaces [3]. 

During catalytic reactions the formation of the target pattern and the propagation of reaction­

diffusion fronts were observed [3-8]. Inspired by these experimental results Field Electron 

Microscopy (FEM) with higher lateral resolution of ~ 20 A and Field Ion Microscopy with 

atomic resolution of ~ 3+6 A have been applied to investigate dynamic surface phenomena 

over tip surfaces. Sharp tips of Pt, Ir and Rh in size up to several hundreds of Angstroms have 

been used to perform in situ investigations of real dynamic surface processes in which 

different crystallographic nanoplanes of the emitter-tip are simultaneously exposed to the 

reacting gas [ 4-7]. These tips were used as an excellent model for metal particles on supported 

catalysts to study oscillations in the CO+O2, NO+H2, and H2+O2 reactions in situ. The 

principal result of these studies was that non-linear reaction kinetics is not restricted to 

macroscopic planes since: (i) planes~ 200 A in diameter show the same non-linear kinetics as 

large planes; (ii) regular waves appear under certain condition; (iii) the propagation of 

reaction-diffusion waves includes the participation of the different crystal nanoplanes and 
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indicates an effective coupling of adjacent planes. 

Langmuir-Hinshelwood mechanism can be used to describe the ·CO oxidation on platinum 

group metals. In order to explain the occurrence of kinetic oscillations an additional feedback 

reaction is required. Mechanisms of these oscillations on platinum surfaces are connected 

with a reversible surface reconstruction {Pt(IOO)-(hex) tt (lxl)} [8]. Palladium surfaces do 

not reconstruct and isothermal rate oscillations are associated with subsurface oxygen 

formation (Pd(] I 0): Oads tt Osub) [9]. 

Reaction kinetics on a Pd tip (model catalyst, grain diameter ~ 103 A) might be quite different 

as compared to large single crystal surfaces as a result of an interplay between the various 

nanoplanes present on emitter surfaces [4]. On supported metal catalyst with a crystallite size 

of~ 500 A, these surfaces are formed by the most dense (111 ), (100), (110) nanoplanes which 

differ dramatically in adsorption and oscillation behaviour. 

In the present work the mechanism of surface wave generation in the oscillating C0+02 

reaction has been studied on a Pd tip(~ 2000 A in radius) by FEM. This technique is able to 

image in situ real dynamic surface processes in which the various nanoplanes of the emitter­

tip are simultaneously exposed to the reacting gas. 02 adsorption and the reaction of adsorbed 

atomic Oads and of subsurface atomic Osub with CO on an extended Pd(l 10) single crystal 

surface have been studied as well by TDS, TPR and XPS techniques. Hysteresis phenomena · 

of the C0+02 reaction have been studied by means of molecular beam (MB) techniques. The 

effect of oxygen adsorption on the subsequent CO+Oads reaction on an oxygen preadsorbed 

Pd(l 10) surface has been studied with TDS, TPR and XPS techniques. The results obtained 

have been compared with those in which CO oxidation was studied using 180sub• 

2. Experimental 

Experiments were performed in a UHV chamber (base pressure< 10·10 mbar) which was 

used simultaneously as the catalytic reactor and field electron microscope. The catalyst 

was a Pd-emitter tip, prepared from spectroscopically pure Pd-wire (0.1 mm 0), spot-welded 

to a metal heating loop of 0.25 mm diameter. The method for producing clean stable Pd tips, 

along with the experimental set-up has also been described elsewher~ [10]. The temperature at 

the tip could be controlled to within 1 K and it was measured by means of a chromel/alumel 

thermocouple spot-welded to the metal loop near the tip. The reaction gases CO and 0 2 of 

highest purity were introduced with a flow rate of 2.5 L s·1 and controlled by a quadrupole 

mass spectrometer. The total field electron current and FEM image were continuously 
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monitored during the catalytic surface reaction at an oxygen partial pressure of ~ I 0-3 mbar 

and carbon monoxide partial pressure of~ 104 mbar. A double -channel plate was used as an · 

image amplifier of a small electron emission current ( < 1 nA), and CCD camera recorded in 

situ the behaviour of the tip in CO oxidation; It was demonstrated that at a pressure of up to 

~10·3 mbar, stable emission currents could be obtained in the absence of sputtering processes. 

The surface analysis of the Pd emitter is based on the fact that due to adsorption of CO and 

oxygen, local work function changes (.1cI>) can be correlated with the total field electron 

current, as described-before [10]. Electrostatic field effects at a field of,..:, 0.4 VIA during these 

investigations have not been observed in according with [ 11 J. 
The TDS and TPR experimental device on the single crystal Pd(l 10) surface is described in 

detail in ref. [12]. The UHV chamber is equipped with a VG QXK 400 quadrupole mass 

spectrometer, a sputtering ion gun and molecular beam <loser. A detailed description of <loser 

setup is given in ref. [13]. The TD spectra were obtained with a heating rate of 6 K s·1• 

Steady-"state rates for the catalytic CO+O2 reaction on Pd(l l 0) surfaces have been measured 

by using a molecular beam setup with mass spectrometry detection. The crystal is exposed to 

a CO+O2 molecular beam through a capillary array closer with the gas flow controlled by the 

mass spectrometer. XPS analysis was performed by using an X-ray photoelectron 

spectrometer VG ESCA-3 . . 

3. Result and discussion 

Carbon monoxide and oxygen adsorption 

WF At 300 K, the work function (.1cI>) over Pd tip increases upon increasing exposure to 

FEM 
1.0 ----~ 

0.8 

0.6 

A<I> (eV) 
0.4 

0.2 

_,--,=-------::.CO • • 

· 0.0..,._--,--..,.---.--..,.---.--..,.-~-.,-----.--.----,----,,-, 
0 2 3 4 5 6 

Exposure (10 -5 mbar ~) 

Fig. 1: Change in work ·function versus exposure of 0 2 and CO on Pd at 300 K, using the simplified 
•,. · Fowler-Nordheim equation. P(CO) = Sx 10·9 mbar, P(O2) = Sx 10·9 mbar. 
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oxygen up to a value of 0.3 7 e V above that of the clean surface. This value can be compared 

to ~<I> = 0.4 eV reported for CO on the Pd(l 10) single crystal surface at Tads = 304 K [14]. 

This value is already reached at an 02 exposure of ~2.3x10"6 mbar s (Fig. 1), suggesting a 

sticking probability near unity. The change in work function (~<I> = 0.98 eV) with CO 

exposure on Pd tip at 300 K is shown in Fig. 1. Similar measurements at 300 K on Rh tips led 

to changes in work function, ~<I> = 1.20 e V [ 15]. Measurements on different Pd single crystal 

surfaces give a maximum increase in work function in the range 0.75 + 1.27 eV for the 
.. i' 

various planes, with Pd(ll l) showing a maximum increase of 0.98 eV [16f The work 

function variation with coverage was used for determination of the isosteric heat of CO 

adsorption on the clean Pd tip surface. This value was found to be ~154 kJ mor1 in the limit 

of zero coverage, decreasing to ~133 kJ mor1 at a coverage of0.5 [10]. 

TDS Fig. 2 illustrates a series of CO TD spectra as a function of exposure. During CO 

c::: 
:::, 

.c .... 
co ->. -en 
c::: .s 
c::: 

TDS 

0 200 

500 L 
100 L 

50 L 
10 L 

1.0 L 
0.3 L 

400 600 800 

Temperature (K) 

CO/Pd{ll0) 
T d =100 K a s 

1000 

Fig. 2. Thermal desorption spectra of carbon monoxide from Pd( 110) exposed at I 00 K. 

adsorption at 100 K on the Pd(ll0) surface several molecular COads states with desorption 

peak temperatures at 230 (a1), 280 (a2), 330 (a3) and 412 (P1), 472 K (P2) appe~ (Fig. 2) in 

agreement with [17]. 

Fig. 3 shows TD spectra of 0 2 from Pd(l 10) surface after different oxygen exposures at 100 

K. Above an exposure of 0.3 L (lL = l.33x10"6 mbar s), three peaks are observed in the TD 
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spectrum located around 124 (a.1-02 molecular state) and 740 (P1-0sub subsurface atomic 

state) and 815 K (P2-0ads surface atomic state). The Pi-oxygen state was attributed to 

subsurface oxygen formation that results in the appearance of an efficient desorption channel 

for recombination of oxygen adatoms. In the O/Pd(l 10) system, indirect evidence for the 

formation of subsurface oxygen layer during adsorption comes from work function 

measurements [18]. 
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Fig. 3. Thermal desorption spectra ofoxygen from Pd(l 10) exposed at 100 K. 

1000 

TPR The effect of subsurface oxygen layer formation on the CO+Oads ➔ CO2 reaction rate 

has been studied by temperature programmed reaction experiments. Figure 4a shows the TPR 

spectra of coadsorbed oxygen and carbon monoxide. Oxygen was first adsorbed to a small 

coverage (0 ~ 0.2 ML) in the atomic P2-0ads state, followed by exposure to CO at 100 K. CO2 

is evolved mainly in a peak at 415 K and in a small peak at 300 K as a result of increasing CO 

exposure. 

Fig. 4b depicts the TPR spectra of coadsorbed oxygen (atomic fh-Oacts and P1-0sub states) and 

CO. In contrast to Fig. 4a, low temperature CO2 formation begins immediately above an 

oxygen exposure of 0.5 L. Five distinct CO2 desorption peaks are observed at 160, 225, 320, 

3 70, at1d 420 K from the .(110) swface. This complexity of CO2 formation may be the result 

of different reaction rates of adsorbed CO with the two types of adsorbed atomic oxygen: 

(i) COads + Oads ➔ C02(gas) + 2*; (ii) COads + [ *Osub] ➔ C02(gas) + 2* + *v• In addition the reaction 
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Fig. 4. Temperature programmed reaction of CO2 formation from th-Oads (a) and p,:.O~ub+l3r0ads; 

(b) atomic oxygen layers. 
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complexity might be expected since the coadsorption of CO and oxygen may result in the 

formation of either a segregated layer, where the COads molecules and Oads atoms form · 

separate layer on the surface, or a mixed layer where the two adsorbates mix completely [19]. 

In a mixed layer new sites for the coadsorption layer are usually occupied. Adsorption of CO 

at low temperature on an oxygen atomic ~2-Oads and ~1-Osub layers might produce a 

segregated layer and form islands of each species. Annealing this adlayer to ~ 160 K in TPR 

experiments leads to dispersing the islands and mixing the adsorbate layer at temperatures 

where reaction with CO is significant. The Pd-O bond is weakened in well-mixed 

Oads+[ *Osub]+CO adlayer, indicating that the Oads-[ *Osub] repulsive interaction proceeds 

throughout the metal surface rather than directly between the adsorbed atoms. On the other 

hand the effect of adsorbed oxygen (Oads+[ *OsubD on the CO adsorpfion rate is an important 

part of the low temperature CO oxidation reaction. Ladas et al. [20] have shown that the 

formation of subsurface oxygen leads to a decrease in the CO residence time due to a decrease 

of the CO adsorption energy and reduction of the CO sticking probability. 

Hysteresis and Oscillations 

MB Fig. 5 illustrates the temperature dependence of the steady-state rate of CO oxidation over 

MB -
C: CO+O/Pd(ll0) 
:::J 

.0 0.5 K s·1, 1 :20, r... 
ro 

Intensity: 200 ML s·1 ->-..... 
Cl) 

C: 
Q) I ..... 
C: 

N 

0 
'U 

300 350 400 450 500 550 600 650 700 

Temperature (K) 

Fig. 5. The hysteresis of steady-state rates of CO2 formation during of a heating-cooling cycleat an 

CO+O2 molecular beam pressure. 

the Pd(l 10) surface. At 300 K the reaction is inhibited by a high coverage of COads• In the 

temperature interval 370 + 650 K the initial rate diminishes rapidly, presumably as a result of 

a low COads coverage during the reaction. Fig. 5 shows the bistability regions and represents 

the anticlockwise hysteresis behavior for CO2 formation in the temperature interval between 
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300 and 450 K. With increasing temperature the transfer from the 0co layer into the Oads layer 

is delayed, with decreasing temperature it is the reverse reaction. The presence of oscillatory 

behavior appeared of the CO2 rate at 372 and 382 K. 

FEM The brightness of local regions of the Pd(IOO)step surface in the emission pattern was 

accompanied by fluctuations of the electron current. The difference in work function (L\<I>) 

between COads and Oads over Pd surfaces is connected with a change in the emission current, 

as described by the Fowler-Nordheim equation: 

( B<I:>312 J 
I= AV2 ex'\ V 

where I is the current measured at the fluorescent screen, V is the applied voltage at the tip, A 

and B are constants and <I> is the work function. From this equation a sensitive dependence of 

I on L\<I> is expected. This large change in L\<I> gives an excellent tool for observing the 

transition in the adsorption layers: the CO adsorption layer with low emission current, a 

current increase for oxygen adsorption. Using a conventional video technique to monitor the 

FEM brightness variation, local time oscillations of the emission current were extracted from 

digitized video images (21]. 

Fig. 6 represents a series of oscillations (FEM) when the Pd-tip with [I 1 O]-orientation is 

exposed at 425 K to a C0+02 reaction mixture. The oscillation amplitude from the COads 

layer (low current) to the Oads layer (high current) has a periodicity of 5 s. The difference in 

work functions between COads and Oads of~ 0.6 eV is connected with the change in the 

electron current. The study of the Pd-tip surface has shown that the CO oxidation reaction is 

characterized by a sharp boundary between two spatially separated adlayers (COads and 

Oads) over the Pd{IOO}step surfaces forming under oscillating conditions: 370 < T < 450 K, 

Pco + Po2 (I :20) = 2.6x10-3 mbar. The COads- covered areas are formed only on the {100} 

nanoplanes, whereas Oads- covered areas are formed only on the {110}, {310} and {210} 

nanoplanes. Chemical waves appear on the emitter surface and propagate in phase with self­

sustained isothermal oscillations. 

The initiating role of a subsurface oxygen layer formation has been established for the 

generation of regular waves along certain crystallographic directions on the Pd-tip surface: (i) 

Oads wave follows the path in the direction (110) ➔ (210) ➔ (100); (ii) COads wave moves in 

the opposite direction. 
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Fig. 6. The variation of the local emission current from the Pd ( I 00)step plane as a function of time 
during the oscillatory behaviour of the CO + 0 2 reaction on a Pd field emitter tip at constant 
control parameters under reaction conditions: T = 425 K, P(O2) = 2.6 x 10-3 mbar, P(CO) = 1.3 
x 10-4 mbar. Low current levels reflect COacts-covered Pd(l00) plane. F ~ 0.4 VIA. 

XPS Fig. 7 shows a set of Pd 3P3;2 XPS spectra for the surface of a Pd foil before and after 

oxygen exposure at 525 K. The difference spectra clearly show the presence of an atomic 

oxygen state with an O ls binding energy of 529.5 eV (P(O2 = 10-7 + 10-2 Torr), which shifts 

to 530.5 eV after oxygen exposures for 2, 4 and 10 min at 5 Torr, showing the growth of an 

oxide. According to the XPS data, bulk oxide formation does not occur under the conditions 

(370 < T < 450 K, Pco + P02 (1 :20) = 2.3x 10-3 Torr) of rate oscillations is not sufficient for 

bulk oxide formation. 
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Fig. 7. XPS spectra for the clean, oxygen-covered and oxide growth Pd (3p3!2) at 45° take-off angle. 

Reaction mechanism Knowledge of the various steps is necessary to gain a better insight into 

the mechanism of the oscillating phenomena. The oscillating catalytic CO oxidation proceeds 

via a Langmuir-Hinshelwood mechanism: 

I . COgas + * B COads 

2. 02gas+ 2 * ➔ 2 Oads 

3 • CO ads+ Oads ➔ CO2 gas+ 2 * 

where two adjacent empty sites (*) are required for the dissociative adsorption of 0 2(~)- It is 

well known that under reaction conditions adsorption islands COads are formed as well as Oads, 

whereas CO2 immediately desorbs at reaction temperatures. 

The catalytic oxidation of CO over palladium surfaces exhibits temporal oscillations in a 

certain range of reaction parameters: T, Pi. The feedback mechanism of these oscillations is 

associated with the changes in the oxygen adsorption (So) induced by depletion of subsurface 

oxygen (Pd(l 10): Oacts ~ Osub)- The oxide model assumes that tpe Osuh layer blocks the 

oxygen adsorption simultaneously with the growth of a COacts layer and the surface reaction is 

poisoned (low rate of CO2 formation). The slow reaction of COads with Osuh removes the 

subsurface oxygen and 02 adsorption is again possible (high rate of CO2 formation). Then, the 

subsurface oxygen layer is formed and the cycle is restored. Probably, the subsurface oxygen 
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could produce a significant change in CO adsorption energies, decreasing the heat of 

adsorption according to [20i ;:B~~tl ◊n (our TDS, TPR, XPS, MB, FEM results regarding CO · 

oxidation over Pd surfaces, some elementary steps have been added to the LH scheme: 

CO oxidation over Pd surface (model with subsurface oxygen) 

Atomic oxygen route (LH) Subsurface oxygen route (added) 

02(gas) + 2* ➔ 2 Oads 

CO(gas) + * <=> COads 

coads + Oads ➔ CO2(gas) + 2* 

Oads + *v ➔ [ *Osub] 

COads + [ *Osub] ➔ CO2(gas) + 2* + *v 

COgas + [ *Osub] <=> [COads Osub] 

[COads Osub] ➔ CO2(gas) + * + *v<<cork-screw>> reaction 

CO heat of adsorption: 

CO diffusion: COads + * ➔ * + COads < [COads Osub] + [ *Osub] ➔ [ *Osub] + [COads Osub] 

By this reaction scheme the rate oscillations were simulated with a standard Monte Carlo 

algorithm, that had been explored in our previous modelling of oscillatory behaviour of 

catalytic reactions due to the influence of the «subsurface» oxygen [22]. 

4. Conclusions 

A palladium surface is catalytically active in the CO+O2 reaction due to its ability to 

dissociate 02 molecules. At present, an Oads diffusion process may be proposed for the 

formation of a subsurface oxygen layer Osub, which is an important intermediate species in the 

CO+O2 reaction over Pd surfaces. Oads is highly active as compared to Osub species due to the 

rapid attachment of the carbon monoxide molecules, COads, producing CO2. As a result of this 

oxidized surface local oscillations on the Pd(IO0)step nanoplanes are obtained with fast 

repetition periods. 

A specific structure sensitivity of the kinetics of the Co+O2 reaction has been observed over 

a Pd tip: (i) the maximum initial rate has been observed on Pd(l 10); (ii) two spatially 

separated adlayers are formed on the tip surface. The oxygen layer forms only on the { 110}, 

{320} and {210} planes, whereas a COads layer or empty sites form on the {100} and 

{ W0}step planes. Chemical waves are related to Oads and COads layers in a sequence of 

reaction steps with the transition of Oads ~ Osub plane (*v empty sites induced by Oads 

adsorption), which involves the feedback reaction Osub ➔ Oads during oscillations. 

In summary the character of the oscillations of the CO+O2 reaction on Pd differs remarkably 

fr?m}hat of Pt: (i) subsurface oxygen mechanism (Pd) and phase transition mechanism hex 

~ Jxl on Pt; (ii) oxygen front travelling in the reverse direction: on Pd starts from (110) to 
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(100); on Pt starts from (100) to (110). The principal result of this work liesin the following: 

the appearance of regulqr waves under reaction rate oscillations is an amazing example of 

self-organization of a catalytic reaction taking place when the size of the active catalyst 

averages some hundreds A. 
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. THEORETICAL INVESTIGATION OF THE MECHANISM OF METHANOL 

CARBONYLATION CATALYZED BY DICARBONYLDIIODORHODIUM 

COMPLEX 

E.A. Ivanova, V.A. Nasluzov, A.I. Rubaylo, N. Rosch* 

. . 

Institute of Chemistry and Chemical Technology SB RAS, Krasnoyarsk, Russia 
*Institute far Physikalische und Theoretische Chemie, Technische Universitaet Muenchen, 

Garching, Germany 

The systematic and complete theoretical study of the catalytic cycle of methanol 

carbonylation catalyzed by [Rh(COhizr complex was carried out using a gradient-corrected 

density functional method. The main goals of our study were an exploration of the free energy 

profile for the entire catalytic cycle of methanol carbonylation and clarification of the detailed 

mechanism for each elementary step with accurate account for environment effects. 

The various possible isomers for the intermediates involved in the catalytic cycle were 

considered and their relative stability was estimated. The complex [Rh(C0)2I2r was 

determined to have preferential cis conformation. The six-coordinated [RhCH3(C0)2I3r and 

[RhCH3CO(CO)zI3r species were calculated to exist in a form of trans isomers. These results 

are in agreement with the experimental data with the exception of complex [RhCH3(CO)zI3r 
which was characterized as a cis isomer by IR and NMR spectroscopy. As all isomers of 

species [RhCH3(C0)2I3r have the similar energies within 8 kJ/mol it is likely that they are 

easily converted to each other. 

The geometrical and energetic parameters of the transition states for the activated reactio~ 

steps such as CH3I oxidative addition, CO migratory insertion and CH3COI reductive 

elimination were elucidated. The first elementary step of the catalytic cycle, CH3I oxidative 

addition, was calculated to have the highest activation barrier. Its energy is 189 kJ/mol in gas 

phase and 135 kJ/mol in solution. According to the calculations CH3I oxidative addition 

proceed via a back-side SN2 mechanism. A front-side approach was calculated to have the 

higher activation barrier of 194 kJ/mol. The CO migratory insertion and CH3COI reductive 

elimination in solution were calculated to proceed with smaller activation barriers of 75 and 

73 kJ/mol, respectively. The activation barriers of CO migratory insertion and of CH3COI 

reductive elimination are higher for the trans isomers than those of the corresponding cis 

isomers. Therefore, the lowest-energy path is determined by the corresponding cis dicarbonyl 

species which have to be accessed by a ligand rearrangement. 

The magnitude of the solvent effect was found to decrease on going from six-fold to five-fold 

to four-fold coordinated complexes. While the solvent effects on the transition states are in 

general similar to those of the six-coordinated complexes, they affect oxidative addition and the . 

reductive elimination steps in a crucial way. 
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ENVIRONMENT ALLY FRIENDLY PRODUCING OF CELLULOSE BY ABIES-

WOOD ORGANOSOLVENT PULPING IN THE PRESENCE OF CATALYSTS 

S.A. Kuznetsova, V.G. Danilov, O.V. Yatsenkova, N.B. Alexandrova, V.K. Shambasov, . 

B.N. Kuznetsov 

Institute of Chemistry and Chemical Technology SB RAS, Krasnoyarsk, Russia 
Krasnoyarsk State University 

Introduction 

The industrial processes of cellulose production make negative influence on an 

environment since they use the sulfur-containing reagents for removing lignin from a wood 

biomass. Variety of catalysts and catalytic additives promoting the wood delignification 

process are known but only few of them have found at present the industrial application. 

The paper describes the new environmentally benign method of cellulose production 

based on the use of catalysts and sulfur-free reagents - acetic acid and hydrogen peroxide for .. 

wood delignification. Organosolvent pulping is considered as an environmentally friendly 

way of cellulose production [ 1]. 

Methods 

The pulping process was carried out in a static metallic reactor with volume 200 cm3 at 

the temperatures 120-l 50°C and liquor ratios 5: 1 - 20: 1 during 1-5 hours in the presence 

of Ti 0 2, Na2MoO4, H2SO4 (0.5-2.0 % ) as described in [2]. In the two-step pulping, 

impregnation step was carried out without catalyst at liquor ratio 15: 1 and temperature 

60°C during 2 hours followed by replacement of the impregnation liquor with pulping 

one. The second step was carried out in the presence of catalyst at 130°C and liquor ratio 

10: 1 during 2-3 hours. The main components of cellulosic material obtained were 

analyzed using chemical methods according to [3]. 

Results and discussion 

The process of wood delignification was optimized to catalyst type and its · 

concentration, temperature and the · process time, the pulping · liquor composition 

(H2O2/ CH3COOH ratio). 

The data on influence of different catalysts on the pulp yield and on the composition 

of cellulosic product from Abies wood are given in the Table 1. 
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Table 1. The influence of catalyst nature in .the process of Abies wood delignification at 130°C, H2O2 / . . ; · .. '! . '' .. 

C:IlJCOOH molar ratio 0.3, liquor ratio 10: 1, catalyst 2 wt. on a.d.w. and process time 3 hours 

Catalyst 
Parameters 

Blank H2SO4 Ti02 Na2MoO4 ZnO Cr2O3 KMnO4 TiCI3 
Cellulosic product 48,2 55,2 48,5 48.8 50,3 64,8 60,0 60,5 
yield, (% on a.d.w.) 
Cellulose content 70,5 71,9 74,3 76,7 58,4 60,7 66,4 60,4 
(%)* 24,0 15,8 16,1 8,6 39,2 30,4 24,4 31,6 
Lignin content(%)* 3,7 3,4 3,5 3,5 0,4 0,7 0,8 2, 1 
Pentosanes content 
(%)* 

*relative to cellulosic product mass 

Obtained results show that the additives of H2SO4, TiO2 and Na2MoO4 demonstrate 

t~e best catalytic properties for the delignification process. The use of these catalysts makes it 

possible to increase the yield of cellulose content in the obtained product to 76.7% and to 

reduce the content oflignin down to 8.6%. 

The optimum parameters of Abies-wood delignification, which correspond to the 

highest yield of cellulosic product (89.5% wt. on dry wood) were selected: temperature 130°C 

and H2O2/CH3COOH molar ratio 0.5. The highest cellulose content in cellulosic product was 

observed for TiO2, Na2MoO4 catalysts at concentration 0.5% wt. and pulping time 3h, in the 

case of H2SO4 catalyst its optimum concentration was 2.0% wt. 

The most pronounced catalytic effect was observed at the high liquor ratios 15:1 when 

the diffusion limitations do not play a significant role. 

The novel method of microcrystalline cellulose (MCC) producing which combines the 

stages of Abies-wood catalytic organosolvent pulping and cellulosic product solvolysis 

treatment was suggested. The structural characteristics of obtained MCC were studied by y­

ray difraction and FTIR techniques. 

, 'the promoting influence of UV-irradiation on the catalytic activity of TiO2 in wood 

delignification process was established. The possible explanations of observed catalytic 

phenomena were discussed. 

References 

1. J.C. Pario, J.V. Alonso, V. Santos, Ind. Eng. Chem. Res. 12 (1995) 4333. 

2. S.A. Kuznetsova, V.G. Danilov, B.N. Kuznetsov, Book of Proceedings of the Sixth 

European Workshop on Lignocellulosics and Pulp, Bordeaux, France, 2000, p. 421. 

3. A.V. Obolenskaya, Z.P. El'nitskaya, A.A. Leonovich, Laboratory Work on Chemistry of 

Wood and Cellulose, Ecology, Moscow, 1991 (in Russian). 

234 



IN-10 
NANOSTRUCTURED CATALYSTS OF NOx SELECTIVE REDUCTION BY 

HYDROCARBONS BASED UPON ZIRCONIA-PILLARED CLAYS: SYNTHESIS 

AND PROPERTIES 
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Procedures for synthesis of thermally stable up to 750°C and well-ordered zirconia­

pillared clays with specific surface area up to 300-400 m2/g prepared via intercalation of a 

montmorillonite clay with zirconium polyoxocations were elaborated. It was achieved 

through varying the nature of starting zirconium salts (oxochloride and acetate) and pH, 

adding modifying cations of Ce, Fe, Al, Ca, Sr, Ba along with controlled aging of 

pillaring solutions while monitoring the properties of zirconium macrocations in solution 

by EXAFAS and SAXS. The pillared clays structure (the inner arrangement of pillars and 

pores within crystallites) and texture (a type of crystallites packing into aggregates), was 

characterized by specially developed approach based upon analysis of combined XRD and 

high resolution absorption data in the frames of a geometrical model (1). Optimization of 

the preparation procedure allowed to obtain samples with the gallery height up to 8 A, 
inter-pillar distance being comparable. Copper and cobalt cations were fixed at pillars 

using the cation exchange or wet impregnation. Pt clusters were juxtaposed on pillars 

using photoassisted deposition. The structural and surface properties of pillars and 

supported cations were elucidated using TEM, EXAFS, SAXS, ESR, UV-VIS, TPD/TPR 

and FfIRS of adsorbed CO/NO molecules. Specificity of co~per and cobalt cations 

coordination in those systems is explained by their strong interaction with nanosized 

zirconia pillars. Strong interaction between the metal and oxide components is reflected 

in variation of the number of coordinatively unsaturated cations and their clustering 

degree as probed by FTIRS of adsorbed CO. Substantial variation of the bonding strength 

and coverages of ad-NOx species due to precious metals addition was also observed. 
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Catalytic properties of these systems were characterized in the reactions of NOx selective 

reduction in the excess of oxygen by propane, propylene and decane. Catalytic performance of best 

samples in the NOx selective reduction by hydrocarbons in the low-temperature (200-300°C) 

region is comparable with or higher than that of systems based upon ZSM-5 while being stable 

in the presence of water and sulfur dioxide. The details of the reaction mechanism were 

elucidated using pulse titration experiments' and in situ FTIRS studies of intermediates 

transformation. The most efficient low-temperature route appears to include rapid HC 

activation on Pt clusters followed by interaction of activated CHx species with nitrite 

complexes located on transition metal cations yielding organic nitrocomplexes. 
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THE REACTIVE INTERMEDIATES IN ASYMMETRIC OXIDATIONS 
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The detailed coordination chemistry was examined by multinuclear (13C, 51 V, 170) NMR 

spectroscopy in three practical catalytic systems: 1) [VO(OAlkyl)3] / chiral Schiff base ligand 

of the type 1 / H2O2 for enantioselective oxidation of sulfides [1], 2) [VO(OAlkyl)3] / chiral 

terpenoid ligand of the type 2 I TBHP for stereoselective epoxidation of allylic alcohols (2] 

and 3) VO(OAlkyl)3 / planar-chiral hydroxamic acid of the type 3 / TBHP for stereoselective 

epoxidation of allylic alcohols [3]. Structure, stability and reactivity of the key intermediates 

were investigated. 
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A detailed study of a mathematical model of a heterogeneous catalytic system in the 

form of three-variable nonlinear ordinary differential equations is presented with special 

attention to weakly stable dynamics, a type of complex irregular behavior frequently 

encountered in oscillating chemical reactions. One of the most important properties of the 

weakly stable dynamics is "a sensitive dependence on the initial conditions" [1-4]. 

In the model considered we find numerically periodic orbits of rather complex 

structure. Bifurcation theory and precise numerical analysis of the global error in long-term 

numerical integration show that a high sensitive dependence on the initial conditions and 

weakly stable dynamics appear in the three-variable systems with fast, intermediate and slow 

variables due to existence of the canard cycles which occur close to Hopf bifurcation in the 

one-parameter family of two-variable subsystems [5]. 

In this paper we study another way to weakly stable dynamics and show the role of 

successive period doubling bifurcations in the creation of weakly stable dynamics. 

Mathematical model. In this paper we present some new results concerning complex 

dynamics in a three-dimensional kinetic model of heterogeneous hydrogen oxidation on 

metallic catalysts [ 11]: 

x = ~(1-:--x-y)2 -k_1x2 -2k3 (y) -x2y, 

y = k2 (1-x- y)2-k_2y2 -k4 (y,z)· y-k3(y) ·x2y, 

i = s[y(1-z)-az(1-x- y)], 

(1) 

where x and y · are the catalyst surface coverages by_ hydrogen and oxygen adsorbed, 

respectively, so that x ~ O, y ~ 0 and x+ y ~ 1; z is the concentration of oxygen dissolved 

into the subsurface layer, 0 ~ z ~ 1 ; k±1 , k±2 , k3 , k4 , and k±s are the rate constants of the 

reaction mechanism steps, a= k_sfk5 , s = k5 , and 
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due to the assumption that the activation energies of the reaction rates depend upon the 

oxygen concentrations y and z . Note that s is a small parameter because the dissolution 

into the subsurface layer is a relatively slow process as compared to the chemical reaction or 

adsorption onto the catalyst surface. 

An original iterative method for solving periodical boundary-value problem for 

autonomous ordinary differential equations is applied to calculations of periodic orbits and 

their stability in the three-dimensional kinetic model of catalytic hydrogen oxidation [6-8]. 

This method develops the concept of the well known multishooting method [ 14, 15]. 

The model (1) has served as an important motivation for the simplest possible 

geometrical interpretation of weakly stable dynamics in nonlinear heterogeneous catalytic 

reactions [9-13,5,8) . 

Periodic orbits. We let parameters k1 and k40 vary while fix the other parameters 

k_1 =0.008, k2 =20, k_2 =0, k30 =100, µ3 =30, µ 4 =12, A =-10, a =7.88, and 

& = 0.0024. Physically it means that the hydrogen partial pressure in the gas mixture over the 

catalyst surface is varied. Note that k1 and k40 depend linearly upon it. 

Now we give an example to illustrate that an unstable limit cycle exists (see Fig. 1). 

We take three local cross-sections tri, rc2 and n3 passing through the points 

a1 =(0.28899502, 0.64086281, 0.51238075), a2 =(0.33714826, 0.57187779, 0.49312216) and 

a3 =(0.38548260, 0.52092294, 0.44677296). It allows us to decompose the periodic orbit into 

three pieces with intervals of integration T; from tr; to rci+l where 7;=395.66180572, 

i; =283.61493869 and 7;=598.30280382. 1:!1-us, the period equals 1277.57954823. We remark 

that in this example the multipliers of the unstable closed orbit ate (1.8133, 0, 1) and hence a two­

dimensional stable invariant manifold exists. · The local dynamical behavior "transverse" to this 

manifold is relatively simple, since it is controlled by the exponentially contracting flow in the 

local stable manifold (see Fig. 2). Trajectories in the stable manifold are expanding. 
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Fig. l. Unstable limit cycle with a trajectory inside it of the system (1) for k1=0.135824260 and kio=2. 
The stable steady state is (0.3252466, 0.5958083, 0.4892114)with the eigenvalues-1.9004268 

and-1.9769·10-4±i·5.05856· 1.0-3• 
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Fig. 2. Unstable limit cycle with two trajectories around it of the system (1 ). Parameters are the same as in Fig. 1. 
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Weakly stable dynamics. Numerical integration of the system (1) appears to yield 

trajectories that are not asymptotically periodic. In fact, in some cases we observe weakly 

stable dynamics followed by asymptotically periodic motions (see Fig. 3). 

> 

0'--------'------...,__ __ ______,_ ___ ---'--___ L.._ __ ----'---__ __, 

0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 
X 

Fig. 3. Weakly stable dynamics: (x,y)-projection of the numerical solution of the system (1) for 

k1 =O .144 and kw= 1.92 with the initial conditions chosen arbitrary close to the attractor. 

Following [l,2] we refer to the local expansion and consequent "independent" behavior of 

orbits starting arbitrary close together as sensitive dependence on the initial conditions or 

weakly stable dynamics. Since such "simple" differential equations of dimension three play an 

important role in the kinetic modelling of heterogeneous catalytic reactions [13] and can 

posses solutions of stunning complexity, an understanding of typical structures of their 

solutions is essential. 

Period Doubling Sequence. We consider the role of successive period doubling bifurcations 

in the creation of weakly stable dynamics in Fig. 3. Following [3], we make first one remark 

about relationship of the Poincare return map with eigenvalue -1 at a fixed point, to the 

continuous flow around the corresponding periodic orbit. The trajectories of the Poincare map 

alternate from one· side of the fixed point to the other along the direction of the eigenvector to 

-1. It means that the two-dimensional center manifold for the periodic orbit of the three­

variable system is twisted around the periodic orbit like a Mobius band around its center line. 
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Fig. 4. T-periodic solution of the system (1) for k1=0.147045 and k40=1.9606. The unstable 

steady state is (0.3487194, 0.5699204, 0.4 706045) with the eigenvalues -1. 931873 and 

7.17146-10"4±i·5.14812· 10-3. Period equals 970.4344. 
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Fig. 5. 2T-periodic solution of the system ( 1) for k1=0.1460 and ~=1.94666. Period equals 1931.1277. 
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X 

Fig. 6. 4T-periodic solution of the system (1) for k1=0.1450 and ~ 0=1.9334. Period equals 3949.9572. 

We have found numerically a sequence of flip bifurcations in the system (1). · fu 
Fig. 4-6 we show periodic orbits for several values of k1 and k40 • Using the techniques ~f 

previous paragraphs we show that for a value k; where 0.146 < k; < 0.147045 the periodic 

orbit of period T has bifurcated to an orbit of period 2T and then for k;' where 
. . 

0.145 < k;· < 0.146 the periodic orbit of period 2T has bifurcated to an orbit of period 4T. In 

such a way, an infinite number of families of periodic orbits can be created in flip bifurcations 

as k1 decrease. Thus, a stable orbit with period longer th~n any preassigned period can be 

found if we let k1 vary in the interval 0.144:::; k1 < 0.145. Such orbits are indistinguishable in 

the numerical integration from bounded non-periodic motions. 

We suggest that for k1 =0.144 such orbits may constitute the attractor observed in a 

long-term numerical integration (see Fig. 3). 

Conclusions. In the paper an original iterative algorithm proved to be efficient and accurate 

for long-term calculations of rather complex periodic orbits and their stability in a three­

dimensional kinetic model of catalytic hydrogen oxidation. 

Our analysis of this model demonstrates that for some parameters there exists an 

attractor with sensitive dependence on initial conditions. To get a clearer idea of the struc;ture 

of the attracting set we find successive period doubling bifurcations in which the flow 
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becomes progressively more complex until the attractor appears. 

We believe that the results obtained are of importance for understanding the reasons of 

weakly stable dynamics in different heterogeneous catalytic systems. 
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One of the tasks of modern organoelemental chemistry is development of new more 

effective processes and creation of novel catalytic systems. 

The polymerization of unsaturated hydrocarbons by transition metal catalysts is known since 

more than 50 years. Karl Ziegler discovered the polymerization of ethene by TiC4-AlCl3 catalysts 

[1] and Giulio Natta realized the stereoselective polymerization of propene [2]. Since this time many 

processes were developed to obtain new useful materials using the homo- and co-polymerization of 

ethene, propene, and other a-olefins. Recent research was devoted mainly to the improved, highly 

active and stereoselective metallocene catalysts, bis-rt5 - or rt 5 -ri 1-chelate-complexes of 

group 4 elements, usually Ti or Zr, and containing suitable bridged bis-cyclopentadienyl or 

suitable a>-heterofunctionalized alkyl-cyclopentandienyl derivatives as ligands [3]. For the 

oligomerization of ethene to give linear cx-olefins the Shell Higher Olefins Process [ 4-6] using 

P-O-chelate nickel complexes as catalysts is the most important process. In order to tune the 

catalyst properties, various P-O-nickel complexes of varying ring sizes and bearing different 

functional groups have been investigated [7-10]. 

The aim of the present work is the synthesis of tertiary ortho-phosphinophenols and their 

ethers and testing of catalytic activity of the nickel-complexes with these ligands in the ethene 

polymerization and oligomerization processes. 

The synthesis of tertiary ortho-phosphinophenols and their ethers and testing of catalytic 

activity of the nickel complexes of these ligands in the etliene oligomerization and 

polymerization'processes were carried out in the present investigation. 
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Using dilithium reagent prep~ed fr6~ BuLi and p-cresol as a starting reagent the 

. ' 
following tertiary o-phosphinophenols and their derivatives were synthesized: 

I. 2-Diphenylphosphino-4-methylphenol 

2. 2-Diphenylphosphino-4-methylphenyl trimethylsilyl ether 

3. Acetic acid 2-diphenylphosphino-4-methyl-phenyl ester 

4. Pivalic acid 2-diphenylphosphino-4-methyl-phenyl ester 

5. Diphenylphosphinic acid 2-diphenylphosphino-4-methylphenyl ester 

The ligand synthesis was carried out under the following procedure: 

1. Br2 
CHu 2. 2BuLi CH~Li Ph,PCI CH,uPPh., 

l8--loH l8--loLi l8--loLi 

CH3'1'AYPPhz · CH3~PPh2 

OoH ~ooH Ph.,P(O)CI Oo, ,,,o 
(I) l ... CH~PPh., _____________.. (V) . :h., 

C2HsOH 7 l8--lou 
(CH3')3SiCl l ~3h~C(O)Cl . 

CH31QlPPhz CH3'©LCH3C~~I ~H'LQ:Ch, . 

CH3 . 0 0,,-✓,::::-0 o, .I O 1\ y· 
S1-._ ~c~ · · CH -<:-CH 

(II) CH{ CH3 (Ill) CH3 (IV) 3 tH3 3 

The novelty of synthesis 2-diphenylphosphino-4-methylphenole consists in the use of 

acetic acid at the acidolysis stage of lithium derivative, which reduces direct deriving of 

tertiary phosphines. The ethers of ortho-diphenylphosphino-4-methylphenole were obtained 

from. appropriate chloroanhydrides. 

All obtained compounds were tested in the ethene polymerization and oligomerization 

processes using.Ni(COD)2 as starting metallocomplex under the following scheme: 

Scheme of catalytical test: 

. - , , Ph2 R 

CH3u~Ph2 Ni(COD),CH3uP >' 
-~OR toluene . ~O 'a 

R = H, Si(CH3)3, C(O)CH3, C(O)C(CH3h, P(O)Ph2 
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The nickel complexes with tertiary ortho-diphenylphosphinophenols have shown high 

catalytic activity in the ethene polymerization processes (the yield of extracted polymer was 

70-80%). Unexpectedly high results were obtained at the testing of catalytic activity of 

tertiary ortho-diphenylphosphinophenyl ethers. In this case it was possible to achieve 

practically full conversion of ethene to the high molecular products (98-99%). However, the 

lack of the free hydrogen group in the molecules of tertiary ortho-diphenylphosphinophenyl 

ethers testifies to a possibility of a course of ethene polymerization process not only through 

formation of nickel-hydride complexes, that is in some discordance with the postulated 

mechanism for ethene oligomerization via a P-C-C-O-stabilized nickel hydride species. 

This work was financially supported by DFG (He 1997/8-2), RFBR (grant nos. 01-03-33210 and 

01-15-99353) andINTAS 00-0018. 
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PLATINUM AND RHENIUM EXTRACTION FROM DEACTIVATED 

CATALYST OF THE PETROLEUM-CHEMICAL INDUSTRY 

V.I. Bogdanov, L.D. Gorbatova, A.A.:Lavrov; S.J. Chelnokov 

JSC "Ekaterinburg Non-Ferrous Metal Processing Plant", Ekaterinburg, Russia 

It is a well-known fact that the catalysts containing Platinum Group Metals have been 

successfully used for a long time in many different chemical processes, including petroleum­

chemical industry. The exhausted catalyst treatment aiming on the value components 

extraction and their return into turnover is a very important and completely unsolved task. 

Nowadays, due to the lack of rhenium-containing raw material in Russia, the ability to extract 

rhenium from exhausted catalysts became the decision criteria for making choice of right 

partner as refining company. 

There are many methods of extraction of the value components from exhausted 

catalysts. All the hydro-metallurgical methods can be divided in two variants upon 

concentrate obtaining: base removal or selective value components' leaching. 

The JSC "Ekaterinburg Non-Ferrous Metal Processing Plant" created the hydro­

metallurgical technology of platinum and platinum-rhenium concentrates refining. This 

technology includes consequent selective acid leaching of the value components (rhenium 

first, then platinum) and subsequent extraction of rhenium from the leaching solutions as 

potassium perrhenate and platinum as ammonium chloroplatinate. The chosen conditions of 

concentrate opening allow 80% of rhenium to be converted into rhenium solution, and 98% of 

platinum - into platinum solution. 

Different methods of concentrate opening: selective distillation, sintering with alkali, 

nitric acid and "aqua-regia" leaching, hydrous leaching, opening with hydrogen peroxide and 

mixed nitric acid with hydrogen peroxide were considered upon the development of the 

technology. 

The high degree of rhenium extraction (appr. 85-95%) }s characteristic for the 

"aqua-regia" concentrate opening, however, only 98% of platinum could be converted into 

solution. Hydrous leaching, opening with hydrogen peroxide and mixed nitric acid with 

hydrogen peroxide, and also selecting distillation allow to achieve 10-50% of rhenium 

extraction. 

251 



PP-1 
1 Maximum rhenium extraction (and mi~imum platinum) is proyided by nitric acid 

leaching. 

Upon using of the multiple-factor planning method an effect of nitric acid solution 

concentration, process temperature, grain size of concentrate <;m rhenium and platinum extraction 
I ! t • 

degree has been examined. Also our Company developed the other methods of selective rhenium 

extraction from nitric acid solution, containing base metal.s. Rhenium can be obtained from the 

solution after platinum separation with the separation efficiency more than 90%. 

The chemical content and crystal structure of potassi~rp perrhenate have been studied 

by ICP-MS and electron-sone microanalyses. The results obtained agree with the theoretical 
, j 

conceptions on stoichiometric elements ratio and salt crystal structure. 
1 - .- •• 

,. i , 

.. ' f . ~ ' ~ ' . 
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OXIDATION OF BENZENE TO PHENOL BYNITROUS OXIDE~ THE , 

MECHANISM OF DEACTIVATION AND REGENERATION OF FeZSM-5 

ZEOLITE CATALYSTS 

D.P. Ivanov, V.I. Sobolev, G.I. Panov 

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia 

;.;·.·:, 

The reaction of direct benzene to phenol oxidation by, nitrous oxide is of great applied 
. ·\ . 

interest. On this basis, Boreskov Institute of Catalysis and Solutia Inc. developed a new 

efficient process for phenol production, . called the AlphOx process, which has been 

successfully pilot tested. This one~step process provides nearly .~ 00% phenol selectivity and is 

considered as potential alternative to the three-step cumene process. 

Studies on the reaction mechanism revealed that catalytic properties of zeolites are related 

to the presence of the so-called a-sites, which are dinuclear iron complexes stabilized in the 

micropore volume of zeolite matrix. In spite of its high selectivity, the benzene oxidation is 

accompanied by side reactions leading to coke deposition and gradual decrease in zeolite 

catalytic activity. This work considers the mechanism of zeolite catalyst deactivation by coke, 

formed in the reaction of benzene to phenol oxidation, and restoration of its catalytic activity 

at the regeneration in oxygen and nitrous oxide. 

Deactivation by coke was shown to relate to the a-sites poisoning and impossibility of 

their further participation in catalytic reaction. Therewith, as deactivation increases, the 

activity of an individual site remains constant, despite a manifold drop in the overall catalytic 

activity. This indicates the absence of the zeolite porous space blocking and the absence of 

diffusion complications due to coke formation. 

The regeneration study ~h~\Ved that coke burning out from the surface of FeZSM-5 zeolite 

proceeds selectively and primarily releases the a-sites. This is most pronounced at the 

regeneration in N20. Removal of 30-35% ~oke results in practically a complete restoration of 

catalytic activity. 
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DEVELOPMENT OF Fe2O3 - BASED CATALYSTS OF DIFFERENT GEOMETRIES 

FOR ENVIRONMENTAL CATALYSIS 

L.A. Isupova, V.A. Sadykov 

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia 

Iron oxide a-Fe2O3 due to its large-scale production and a low cost, stability in reaction medium is 

very promising for development of deep oxidation catalysts for abatement of industrial emissions 

of CHx, CO, NOx, Due to stability of Fe-O bond, iron oxide is more suitable for high temperature 

(800-900°C) oxidation catalytic processes. Hence, for low-temperature application, it is necessary 

to modified it with noble metals (Pt, Pd, Au, Ag) or such active oxides as CuO, Co3O4, MnOx, 

LaMnO3. Due to restriction on waste-waters in the catalysts production put by ecological 

demands, dry methods including so called kneading technology are now of a special interest. 

This study presents results on development of iron oxide-based deep oxidation catalysts of 

different geometric forms including monolithic ones prepared by using a kneading technology. 

To solve the problem we used approaches earlier elaborated for preparation of CuO and Co3O4 

monolith oxide catalysts. To obtain iron oxide-based plastic pastes with a good reology, a-Fe2O3 

was subjected to mechanical activation. Besides, AliO3-based binders and different electrolytes 

were added. Active components (CuO, Co3O4, LnMnO3) were either introduced by a wet 

impregnation of iron-oxide based support, or by adding oxides into the paste. 

Catalysts were characterized by TA, X-Ray, IR, BET, TEM, SIMS, high-pressure mercury 

pores measurements and mechanical (crushing strength) methods. Catalytic activity in the 

processes of CO and CIL; deep oxidation was investigated in flow-circulatory reactors loaded 

with the catalyst particles and granules. 

Mechanochemical treatment. It was revealed that after mechanochemical treatment, 

a-Fe2O3 powder forms a plastic paste even with pure water (without acid adding) whereas 

untreated powder does not form such a plastic paste. The mechanochemical treatment leads to 

decrease of the · aggregates and the crystalline sizes and to change of the surface 

microstructure and chemistry (hydration of surface). Consequently surface wetting improves, 

paste humidity decreases, pores size and their volume decrease in calcined iron oxide 

granules, while crushing strength increases. 
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Adding of alumina-based binders. Plastic pastes and granules may be prepared by adding of 

alumina-based binders (5-20%) even without acid adding and without mechanochemical 

treatment. Increasing AhO3 content and acid adding lead to increase of the granules strength 

due to increased number of contacts and their strength. Optimization of plastic pastes 

properties by applying mechanochemical activation of iron oxide, varying amount of a binder 

and electrolytes nature and concentration allowed to produce monolithic carriers/catalysts and 

control their strength and pore structure. 

The method of active component incorporation into a-Fe2O3 supports was found to affect the 

catalytic activity. A low level of catalytic activity of "impregnation" catalysts can be 

explained by modification of active component with Fe and Al due to support dissolving 

during impregnation by saturated acidic nitrate solutions. In the kneading procedure acidity 

was much low, and added active oxides retained their high dispersion. 

The data on comparative testing of a-Fe2O3 - based catalysts modified with CuO or Co3O4 

and early developed deep oxidation catalysts (IK-12-1, ICT-12-6, MPB-PC) in CO and CH4 

oxidation processes have demonstrated that new catalysts have a higher level of activity and 

thermal stability as compared with traditional ones, though containing smaller amounts of 

active components. Hence, low cost, active and stable catalysts with different geometric 

forms for deep oxidation processes were developed. 
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Abstract 

ALUMINUM-CHROMIUM CATALYSTS FOR SO2 OXIDATION . 

A.I. Jumabayeva, A.N. Sartaeva, K.A. Zhubanov 

Scientific-Research Institute of Chemical Technologies and Materials, 

Al-Farabi Kazakh National University, 

Karasai batira, 95a, Almaty, 480012, Republic of Kazakhstan 

Utilization of sulfur dioxide is of great ecological importance since S02 emissions cause 

one of the global ecological problems - acid rains. Oxidation seems to be the most efficient way 

of S02 conversion. Though there exist many catalysts for this process, a search for active catalyst 

with a simple production technology is still ;going on. In particular, different chromium-containing 

catalysts are investigated. 

In · the present work, two different methods of chromium-aluminum oxide catalyst 

preparation were used: impregnation and co-precipitation. The fonner catalysts were prepared by 

alumina impregnation with chromium nitrate. The latter were co-co-precipitated from nitrate 

solutions. 

A catalytic test of sulfur dioxide oxidation was conducted in a fixed bed reactor. The 

amount of S02 was 1 volume percent in balance air. 

It was found that the conversion of S02 on co-co-precipitated catalysts was higher than on 

impregnated catalysts. For co-co-precipitated catalysts, the maximum conversion of S02 is 

70% at 873 K. hnpregnated catalysts show maximum activity of 59% at 973 K. 

1. Introduction 

Utilization of sulfur dioxide is of great ecological importance since S02 emissions cause one 

of the global ecological problems - acid rains. Oxidation seems to be the most efficient way 

of S02 conversion. There are many oxide catalysts for sulfur dioxide oxidation [1-3]. The 

preparation method of iron-chromium catalyst on aluminum oxide support was described in 

[l]. The suggested technique used 12-15 consecutive impregnations. This method was 

complicated and did not produce effective catalyst (32.8% of S02 conversion). 

Catalysts were obtained by impregnation of support with 20-30% aqueous solutions of 

chromium acid [2]. The activity of catalysts was not high (51.7% of S02 conversion). 
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The co-precipitation and impregnation methods of catalyst preparation were described in (3]. 

Aluminum hydroxide was used to obtain alumina. Then granules of AbO3 were impregnated 

with chromium.nitrate (III). The SO2 conversion was 95.8%. 

In [4], the co-precipitation of salts of chromium and one of the metals (cobalt, copper, iron, 

nickel and zinc) with ammonia was used. The high activity, of catalysts obtained by this 

technique was achieved. 

In the present work, two different methods of catalysts preparation were used: impregnation and 

co-precipitation. Both types of catalysts were used for sulfur dioxide oxidation. It was found that 

the conversion of SO2 on co-precipitated catalysts was higher than on impregnated catalysts. 

2. Experimental 

In order to prepare impregnated catalysts, the cylinders of aluminum oxide (gamma-type, 

5x5 mm; industrial type A-1) were used as a support material. The support was washed with 

hot distilled water and dried in air stream at 373-383 K. Catalysts were prepared by 

impregnation of A}iO3-cylinders with aqueous solution of chromium nitrate (III) of different 

concentrations. Excess water and nitrogen oxides were evaporated while stirring. The 

obtained solid catalysts were dried and calcined in air stream at gradually increased 

temperature up to 873 K. 

The co-precipitated catalysts were prepared using different concentrations of aqueous solutions of 

Al (NO3)3 and Cr (NO3)3 . After co-precipitation, the mixture of AhO3 and Cr2O3 was washed 

with distilled water to remove excess ions of NO3 -. After that, water was evaporated, and the 

cylinders (5x5 mm) of catalysts were formed from the obtained solid. The prepared catalysts were 

dried in air stream at 373-383 Kand then calcined at gradually increased temperature up to 873 K. 

The catalysts obtained by those two techniques were investigated in sulfur dioxide oxidation. 

The catalytic test of sulfur dioxide oxidation was conducted in a fixed bed reactor. A quartz 

tube was used .as a reactor with 15 mm in diameter and 450 mm long. The volume of catalyst 

packing was 10 ml. Crushed quartz pieces (3-5 mm) were placed inside the reactor on both 

sides of catalyst. 

After the catalyst was placed inside the reactor, it was preheated in air environment at 673 K for 2 

hours. After that, the gas mixture of SO2 and air was introduced into the reactor. The amount of 

SO2 was 1 vol% and balance air. The flow rate of gaseous mixture was 4000 1/hr. 
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3. Results and discussion 

Table below illustrates the relationship between SO2 conversion(%) and reaction temperature for 

sulfur dioxide oxidation over aluminum-chromium catalysts; prep,ared• using different 

techniques.With the increase of reaction temperature, the conversion of SO2 increases 

until it reaches maximum point. For co-precipitated catalysts, the maximum conversion of 

SO2 is 70% at the reaction temperature 873 K. The impregnated catalysts show maximum 

activity of 59% at 973 K. 

It was assumed that the activity of obtained catalysts was related to their pore structure [ 5]. 

By varying the preparation techniques, it is possible to obtain catalysts of different activity. 

Table. Activity of co-precipitated and impregnated catalysts in sulfur dioxide oxidation. 

Temperature, K Co-precipitated catalysts Impregnated catalysts 

673 45 33 

773 53 40 

873 70 42 

973 68 59 

1073 65 57 
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1 Introduction . 

Many studies of the diffusive and adsorptive properties of alkane/MFI-zeolites systems 

have been carried out for several decades already due to great number of application of 

these materials in the petroleum industry as catalysts for hydrocarbon conversion processes. 

3-Methylpentane is one of the main products of hydroisomerization reaction, which is one of 

the steps of the oil refinery process. Diffusion of the reactant/product mixture might play a 

significant role in the catalyst performance. Therefore, the concentration dependence of the 

diffusion coefficient, especially for bulky alkane (iso-hexane) is an important issue. Silicalite, 

which does not have any acid sites was used in order to exclude any possible influence of 

them on the diffusion process [2]. 

In the present experimental study of the concentration impact on self-diffusion of 

3-methylpentane in silicalite we have tried to establish the dependence and check it with the 

existing models. Factors influencing the activation energy of diffusion have been also studied. 

2 Experimental 

The PEP technique is a radiochemical method using /t"-emitting isotopes. In our experiments 

11C-labelled hydrocarbons are used. 

During the experiments, a constant flow of non-labelled hydrocarbon (3-methylpentane) in a 

carrier gas (hydrogen) was fed in a lug flow reactor containing zeolite. In order to measure the 

diffusivity of the alkane, a delta-pulse containing approximately 10-15 moles of llC-labelled 

one is injected from the loop in the flow passing through the reactor. The development of the 

pulse (change of the radio-labelled concentration profile in ' time) is monitored using a 
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detection system based on the principal described below. 

The radioactive nuclei of 11C decay with a half-life 20.4 min, emitting a positron. The 

annihilation of positrons with electrons from the surrounding matter results in pairs of 

y-photons emitted in opposite directions. The position where the annihilation takes place 

(which is the position of the radiolabelled molecule) is determined by coincident detection of 

the photon pair. In this way the PEP technique is capable of monitoring of the concentration 

of labelled alkane along the cylindrical axis of the reactor with a time resolution of Is and a 

spatial resolution of 3 mm. An appropriate mathematical model describing transport 

phenomena in the catalyst bed is used in order to interpret experimental data and obtain 

diffusion coefficients [ 1]. 

3 Results and discussion 

Using a PEP technique concentration dependence of 3-methylpentane in silicalite has been 

studied. Found behavior of self-diffusion coefficient can be described as monotonous 

decrease as the pore occupancy increases, which corresponds to the type-I of the 

concentration dependence according to Karger and Pfeifer [3]. Since the activation energy of 

diffusion of the alkane turned out to be independent on the pore occupancy ( 44 ± 3 kJ/mol at 

zero loading and 46 ± 6 at approximately 50% pore filling), the pre-exponential factor Do was 

assumed to be concentration dependent. For the molecular diffusion in silicalite, theoretical 

studies predict linear decrease of diffusion coefficient D( 0) = 0 0 ·(1 - 0) (mean-field theory) 

and negative deviation from linear behavior, which can be approximated by stretched 

exponential D(0) = D0 exp(-b 0) where b is a coefficient for a particular system 

( approximation of Monte-Carlo simulations). 

0,0 0,2 

■ experimental data 
··-··-··-· .. ·· approximation of MC simulations 
--Transidon state theory 
---- Mean-field theory 

: 0,4 0,6 0,8 1,0 

. q, (-] 

Figure 1,Pre- exponential factor Do for 3-methylpentane diffusion in silicalite fitted by theoretically 
predicted dependencies. 
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Analysis of the experimental data showed that stretched exponential can be a slightly better fit 

for the experimental data than the linear one, but the experimental accuracy does not allow to 

conclude it undoubtedly (Fig. 1). Moreover, theoretically predicted deviation from the linear 

dependence is also very small for this system. Since 3~methylpentane molecules most 

probably jump to the channel intersections only, the connectivity of the system is 4, which 

leads to a smaller deviation from the linear dependence, which is within the experimental 

accuracy. Therefore, we may only conclude that the observed concentration dependence of 

the diffusivity is close to linear one. 

As a consequence of the concentration dependence of pre-exponential factor D0 , the apparent 

activation energy increases with partial pressure: as the pressure increases from O kPa to 4.5 kPa, 

a significant rise in the activation energy from 44 kJ/mol to 80 kJ/mol occurred (Table 1 ). 

Table 1. Apparent activation energies of 3-methylpentane diffusion in silicalite at different partial pressures. 

Pressure, kPa Ea, kJ/mol 

0 44±3 

1.33 65±4 

2 61 ± 3 

3.7 70±5 

4.5 80±6 

Usually, in the macroscopic experiments the measurement of the activation energy is 

performed under fixed partial pressure conditions. Due to the concentration dependence of 

self-diffusivity, using of different pressure conditions can be the reason for the discrepancies 

between different studies. Therefore, the values of true activation energy of diffusion should 

be compared and it should be only measured at zero pore filling or under fixed loading 

conditions. 
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Biocatalysis and the biotechnological processes attract the attention as alternatives 

to traditional chemical technologies due to unique properties of biocatalysts, absence of 

toxic by-products, environmentally safety and low energy consumption of the-processes. The 

direct selective oxidative biotransformations of alkanes and alkenes to corresponding alcohols 

and epoxides are of great importance for large-scale chemical industry. 

The investigations of the direct selective oxidation of propene to 1,2-epoxypropane by 

non-growing cells of Rhodococcus sp. were carried out in homogeneous conditions. The 

initial rate of 1,2-epoxypropane generation exceeded to 10 nmole/min per 1 mg of dry cells. 

The product epoxide accumulated extracellularly, with its concentration running up 2 mM in 

the reaction medium. It has been shown that 1,2-epoxypropane had irreversible inhibition 

effect on the oxidative activity of cells suspensions, with the 50% lost of activity occurring at 

epoxide concentration above 0.4 mM. 

The immobilization of the cells of Rhodococcus sp. on the solid supports to perform 

bioepoxidation in heterogeneous regime may solve the problem of reducing the toxic effect of 

the epoxide via removing the epoxide from the reaction media. The comparative study of 

inorganic supports to adsorb the microorganisms demonstrated that carbon-containing 

supports had the largest adsorption capacity with respect to Rhodococcus sp. bacteria. Besides 

the value of accessible surface area of support, roughness of the surface was found to be an 

additional key factor affecting the efficiency of the adsorption of bacterial cells. The optimal 

adsorbent of cells has been shown to be such that has advanced macrostructure and rough 

surface. Foam-like ceramics, coated with catalytic filamentary carbon, satisfied these 

requirements and was found to be the most effective support for adsorptive im~obilization of 

Rhodococcus sp. bacteria. 
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The ability to self-organization is a principal property of fine systeins, including 

dioxide hydrogels. This property is conditioned by thermodynamic non-equilibrium and 

excess energy of the developed boundary surface between nano-sized particles and disperse 

phase, that determines the tendency to minimization of free energy. The resulting mobile 

structured hydrate lattice and high-organized surface layer of the studied hydrogels produce 

unique conditions for concentrating of precisely-orienting reagents and catalysts, that leads to 

the correction of the direction and parameters of chemical reactions with hydrogels 

participation. The unique properties of the finely dispersed dioxides such as high chemical 

stability, availability of the surface active centers over all reaction volume, capacity for 

intensive heat and mass transfer in the absence of brittle destruction, ease in separation from 

the products of reaction and possibility of repeated usage allow to develop high~ffective 

technological processes with their participation, satisfying ecological requirements of 

advanced technologies. 

Keeping in mind the above-stated, process of liquid-phase oxidation of 

trimethylhydroquinone (TMHQ) as a model of hydroxyarenes in the presence of Sn02 (I), 

Si02 (II), Ti02(III) and Zr02(IV) hydrogels and their Cu(2+)-containing structures has been 

studied in this work. The above-mentioned reaction proceeds yielding trimethylbenzoquinone 

(TMBQ) by the following scheme: 

methanol - water, 50° C 
l 

OH 0 
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The reaction is inhibited by binding the substrate and . the resulting TMBQ into 

chinhydron (ChHd). Incorporation of hydrogels I-IV in reaction medium results in decreased 

of the inhibition of the oxidative process (Fig. 1). This effect depends on values of specific 

surface (Ssp) of the studied hydrogels, to the point of its excluding. This dependence for the 

hydrogel II is shown in Fig. 2. In parallel with this process there also took place inhibition of 

the oxidation reaction: the initial rates in the presence of the hydrogels (W o r-IV) were much 

less than that without gels. On contacting the reaction mixture with gel I the oxidation reaction 

is stopped. The dependences ofWon-w on the amounts of gels II-N have complex shape (Fig. 3). 

Concentration of TMHQ 
(CTMHQ) x10·2, mol/1 

Concentration of TMHQ 
(CTMJfQ) x10·2, mol/1 

7 

6 

5 

4 

3 

2 

i.:,------------ 2 7 

5 

0 0,4 0,8 1,2 1,6 

Fig. 1. Kinetic curves . for the consumption of the 
substrate TMHQ during oxidation with 
oxygen: without gels (l); in the presence of 

, . gel I (2); gel II (3); gel ill (4); gel IV (5). The 
mole ratio TMHQ : gel is 1 : 2. The specific 
surfaces of gels I-IV (Ssp.) are 320, 300, 290 
and 317 m2/g, respectively. 

Wo x Hf, :rool/(1 x s) 
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Fig. 2. Kinetic curves for the consumption of the 
substrate TMHQ during oxidation with 
oxygen without gels (l); m the presence 
gel II at Ssp = 226 m2/g (2); at Ssp = 240 
m2/g (3); at Ssp = 320 m2/g (4). The mole 
ratio TMHQ: gel II is 1: 2 . 

Fig. 3. The initial rates of TMHQ oxidation at 
different amounts of gels II-IV in the 
reaction zone: I-gel II, Ssp. =300 m2/g; 2 -
gel IV, Ssp:= 317 m2/g; 3 - gel ill, Ssp•=290 

2 ' . • m lg. The content of · TMHQ m the 
reaction volume is 6,6x w-4 mol. 
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The obtained results, obviously, indicate the significant role of different particle-particle 

interactions between substrate and gel at different ratios of these components. The associative 

compounds of TMHQ with gels I, II, III, obtained by sorption from water-methanol phase 

are found by IR spectroscopy. It was found the significant change in the parameters of 

sorbate - sorbent bonds vibrations as discussed earlier (1,2]. The study of the associates 

hydroxyarene - hydrogels II-IV of various composition with varied mole ratio of components 

was carried out using unsubstituted 1,4-hydroquinone (HQ). This compound was used as a 

model owing to convenience and reliability in interpretation of its vibration characteristics. 

It is found as gel ID content increases, IR spectra of the associates HQ -gel ID vary. 

At low amounts of gel ill it is bounded w.ith aromatic ring of HQ, in so doing the gel involves 

in bonding a lot of Off-groups of HQ. In this case intra-molecular hydrogen bonds are 

disrupted. At the significant excess of gel ill intra- .and intermolecular hydrogen bonds 

dominate, in this case the bond substrate HQ -gel becomes less strength. 

Similar relationships reveal themselves in spectra of the associates of HQ with gels of 

other element oxides. Therefore the change in character of particle-particle interactions in the 

system gel-substrate leads to variations in inhibition degree of TMHQ with oxygen at varying 

content of the finely dispersed elements dioxides II-IV in the reaction zone (Fig. 3). 

Introduction of the Cu(2+)-containing hydrogels II-IV into reaction medium leads to 

acceleration of liquid-phase oxidation of TMHQ. Here there are two oxidants: Cu(m ions and 

oxygen. The exception is gel I. In this case TMHQ participates in two parallel oxidation 

reactions: the first is inhibited by this hydrogel, the proceeding of the second one is 

conditioned by catalytic action of Cu(2+) ions. Fig.4 demonstrates this effect and non-linear 

dependence of WO on Cu(2+) content in a gels phase. 

Wox 104 , mo!/( Ix s) 
4 

3 

2 

----------2 
0 0,2 0,4 0,6 0,8 1,2 1,4 

Ccu, mmol Cu(2+ )/ g. gel 

Fig. 4. The initial rates of TMHQ oxidation 
(W0) without gel (1) and in the 
presence of the Cu(2+ )-containing 
gels I-IV (2,3,4,5, respectively) at 
different content of Cu(2+) in a gel 
phase (cc0 ). The mole ratio substrate 
TMHQ- CuCh is 1: 0.1. 

The shape of the curves, obviously, is conditioned by the process of intercalating gels I-IV 

with Cu(2+) ions. It is found by ESR spectroscopy that there are three types of Cu(2+)-
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compounds in · a ~els .phase, namely, mononuclear Cu(2+},complexes (V) (g11 = 2.357 ± 0.005; 

A11 = 13.2 ± 0.3 mT) (two non-protonated oxygen atoms and two hydroxyls are located within 

an equatorial plane of Cu(2+), and two H2O molecules, apparently, are done within an 

complex former axial plane), their associates with an increased local concentration of Cu(2+ )-ions 

as compared with mononuclear complexes (Vn, and Cu(2+)-compounds giving no ESR 

spectra at the used frequency and temperature (VII) [3]. They may be either a separate phase 

of Cu(OH)z or polynuclear Cu(II)-compounds with bridge hydroxyls. The participation of the 

surface hydroxyl groups and "ethereal" oxygen of the bonds Ti-O-Ti at forming complexes V 

is also shown by IR spectroscopy for gel III. Varying Cu(2+) ions content (Ccu) various 

relationships between amounts of structures V-VII have been achieved. 

The amounts of the above-mentioned Cu(2+ )-structures· in a gels phase were 

determined by computer separation of their ESR signals. The fractions of each of these 

structures as a function of Cu(2+) content in the phase of gels I-III are presented in Fig.5-7. 

The. specific initial rates of TMHQ oxidation with different Cu(2+) structures 

(Wov, Wov1, Wovu) characterizing their individual reactivity were found using the obtained 

data. They are shown in Table. It is found that Cu(2+) structures VI and VII show higher catalytic 

activity in the studied reaction of TMHQ oxidation than structures V. Apparently, it is caused by 

the greater mobility of electrons in the systems of Cu(2+) ions bound to each other and by transfer 

of electronic density in them. Earlier, [4], by measuring microwave conductivity the correlation 

between mobility of electrons and catalytic activity of Cu(2+) ions has been found. 

Nv, rel. units 
N v1, rel. units 

0,8 

0,6 

0,4 

0,2 

0,3 

0,2 

0,1 

0 
0,5 1,0 1,5 2,0 · O 

ccu , mmol Cu(2+ )/ g. gel 

Fig. 5. The fractions of Cu2+ -containing structures V Fig. 
(mononuclear complexes)(Nv) in a phase of 
gel I (1), gel 11(2) and gel ID(3) at different 
content of Cu(2+) in a gel phase ( Ccu). 
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Fig. 7. The fractions of Cu2+ -containing structures 

VII (polynuclear compounds or a separate 

phase of Cu(OH)2) (Nvrr) in a phase of gel I 

(1), gel Il (2) and gel ill at different content 

of Cu(2+) in a gel phase ( ceu). 

Of interest are the results on the influence of the studied gels on physico-chernical properties 

of Cu(2+) ions obtained using voltammetry [5]. In particular, it is shown that adsorption of 

Cu(2+) ions on gels I-IV leads to the shift in the reduction potentials during the process 

Cu(2+) ➔Cu(+)➔ Cu(0) relative to the curve of reduction of copper from a solution on 

carbon-pasted electrode (UPE) to the field of less negative values, so the oxidative activity of 

Cu(2+) ions increases. The maximal shift in potentials was observed at adsorption of Cu(2+) ions 

on gel ID, and the least one was found for gel IV. For gel IV it is pointed the appearance of 

additive peak of Cu(2+) reduction at the potential shifted to the field of more negative values · 

(peak at -1,05 V). It indicates formation of another copper complex with a decreased oxidative 

activity (The peak at - -1 V for gel ill appears as result of titanium reduction) (Fig. 8). 

Table. Specific initial rates of oxidation reaction of substrate TMHQ with different Cu(2+) structures 
(V ,VI, Vll) on gels I,Il,ill 

gel W0.mol/(l x c) x 104 

Wov Wov1 Wovn Wo oxidation with 

Cu(2+) ions in 

solution 

without gel - - - 1.60 ± 0.16 

I (SnO2) 0.28±0.04 0.42±0.06 0.67 ± 0.10 -

II (SiO2) 1.60 ± 0.16 - 1.81 ± 0.27 -

III (TiO2) 0.97 ± 0.14 2.78 ±0.42 3.33 ± 0.50 -

The potentials of copper oxidation during the processes Cu(0) ➔Cu(+)➔ Cu(2+) on 

the gels surface are shifted to the field of negative potentials relative to the curve of oxidation 

of copper from a solution. It indicates that oxidation of the reduced copper to the initial state 
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· ·proceeds much easier (Fig.9). The redox process for copper in gel phase as a whole becomes 

.1• · . 

. Jess reversible and leads to increased standard constant of electronic transfer rate. 
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Fig. 8. Reduction of Cu(2+) on carbon-pasted Fig. 9. The curves of anode oxidation of 
electrodes (UPE). copper on carbon-pasted electrodes (UPE). 
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Thus, the application of SnO2, SiO2, TiO2 and Zr02 hydrogels and their Cu(2+)-containing 

structures as catalytic active ingredients during hydroxyarenes oxidation is promising. It was 

found that this process proceeds in the sphere of the competing particle-particle interactions 

with participating gel catalysts. The properties of reagents · and catalysts are significantly 

changed due to these interactions. This work was done under support of the Russian 

Foundation for Basic Research. (Grant .N!! 01-03-P 96523). 
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METHANOL SYNTHESIS 
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The methods to produce low-temperature catalysts for methanol synthesis are in 

continuous development. The characteristics of the used catalysts in many respects 

determined methanol synthesis efficiency. Thereby quantitative estimation of the properties of 

new catalysts and forecasting of their efficiency are important problems. 

In this work the forecast of the efficiency of modified catalysts for methanol synthesis 

produced by plasmochemical method was carried out. The kinetic parameters before and after 

catalyst overheating were determined. 

The correction of parameters of kinetic model was carried out based on the 

experimental data for modified catalysts. The comparative analysis of outcomes for modified 

catalyst and industrial (ICI 51-2) allows to mark two main features in the properties of 

modified catalyst - high thermostability and displacement of maximum activity to the region 

of260-270°C. 

The obtained results indicate to coincidence of computational and experimental data and 

allow forecasting of the efficiency of new catalysts. 
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The estimation of an optimum catalytic activity is the one of the main problems upon 

analysis of catalysts at plants. It is determined by a ratio of reforming target reaction rates and 

equilibrium between reactions of formation and hydrogenation of coke structures. 

Quantitatively equilibrium coke formation is determined by three major factors: 

hydrogenating ability of Pt-catalyst; raw material component structure; technological modes. 

Apparently, the hydrogenating activity of Pt-catalyst is functionally determined by the nature 

and quantity of electronic and structural promoters, therefore, the value of optimum activity is 

characteristic for each type of industrial catalysts, known for us. The catalytic activity 

fluctuations distort the balance of the reactions of hydrogenation of carbon depositions and 

causes increase of coke formation. We offer an operation method of Pt-Re catalysts, which 

allows to keep track of activity enhancement, that increase run duration on 20-30%. For 

confirmation of these conclusions the assessment of unbalanced by Re catalyst R-56 at Omsk 

petroleum refinery plant and charging of a mixed type KP-108Y and PE-22Y at Angarsk 

petroleum refinery plant was fulfilled. It has been shown that the fluctuation nature of activity 

· results in a selectivity decrease. 

The mathematical model has been used for numerical evaluation of a fixed catalytic 

activity level a onm , which is determined by total amount and structure of coke deposition on a 

catalyst surface. Level of a catalytic activity is an integral index of this equilibrium. It depends on 

its chemical composition (ratio Pt/Re), its activity and stability. This parameter changes during 

service cycle and its value can be used for forecasting a term of working contact regeneration. 

Thus, the results reveal that the regulation of activitY.. in dependence of the 

consumption and hydrocarbon raw material composition, and also circulating factor of 

hydrogenous gas allows to lower process of coke formation and to increase duration of 

service cycle. The results have the great practical importance and have been applied at Omsk, 

Achinsk, Angarsk petroleum refinery plants. 
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G. M. Zabortsev, Yu~ M. Ostrovskii 
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Novosibirsk, Russia 

H .. J. Veringa 

University of Twente, Faculty of Mechanical Engineering, P.O.Box 217, 7500 AE Enschede, 
Tlie Netherlands 

Biomass (yearly world growth up to 200 · 109 t) is considered as the main renewable resource 

for energy production. Amongst well-known methods of biomass processing (pyrolysis, 

liquefaction, gasification, combustion) catalytic gasification is of primary interest [1]. 

Pyrolysis and gasification processes are based on endothermic reactions demanding supply of 

heat to the reaction zo11e. Therefore, the introduction of catalytic heat generator (CHG) into 

the technological cycle . of these . proq~sses can be a prospective approach [2-4]. Total 

combustion of fuels . in a catalytic fluidized bed of CHG is achieved at relatively low 

temperatures 600-750°C. The application of CHGs allows to prevent formation of soot and 

carcinogenic hydrocarbons and to abate 'emissions of CO and NOx. 

The goal of this work was to study the processes of biomass pyrolysis and gasification in 

experimental facilities containing CHG reactors. Three setups used in this work were different 

by the way of conducting the pyrolysis and gasification proc~~ses (see Fig 1-3). 

In the setup 1 the reactor contains fluicJ.ized bed catalyst in lower part for .catalytic combustion . 

of kerosene. The height of the fll,1idized 1:Jeq. being 50 cm .and biomass was fed directly to the 
•··' .. ' "( • . -:! •' · . ',-

hot fluidized bed at the height of 40 cm. (see Fig. 1 ). 
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biomass 

fluidized bed 
catalyst 

Fig. 1. Scheme of setup 1. 

PP-10 

The setup 2 contains • two fluidized bed reactors. Lower reactor is for kerosene catalytic 

combustion and upper reactor loaded by inert bed material (y-A}zO3). The biomass was fed 

into the fluidized bed of the upper reactor (see fig.2) 

products 

u er reactor 

lower reactor 

fluidized bed 
catalyst 

Fig. 2. Scheme of setup 2. 

The setup 3 contains two cylindrical fluidized bed reactors of different diameter. The reactor 

of smaller diameter is placed into the bigger one so combustion of fuel proceeds in the 

annulus .providing heat through .the wall into_ the fluidized bed of inert in internal reactor for 

biomass gasification. 
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biomass 

products 

outlet gases 

Fig. 3. Scheme of setup 3. 

For the studies semolina was taken as a model object, with the following chemical 

composition (wt.%): hydrogen 6.92; carbon 39.18; nitrogen 1.81; ash 1.17. 

The combustion catalyst CuxMg1-xCr2OJy-A}zO3 (IC-12-73) was used in the experiments. The 

inert bed material used in the setups 2 and 3 was y-AlzO3. 

All setups were equipped with the system for on-line continuous gas sampling for GC 

analysis. 

Experimental results 

The GC analysis of the exhaust gas from the reactors showed that the gas formed at biomass 

pyrolysis and gasification contains substantial amounts of hydrogen, methane, carbon 

monoxide and carbon dioxide. The relative amounts of these gases depended on the feed rates 

of the biomass, air and fuel and the temperature of the process and was in the range (vol.%): 

hydrogen - 2-7; carbon monoxide - 3-18; methane - 1-15; carbon dioxide - 7-14 (see Table 1). 

These values are in good agreement with those obtained by other researchers in the studies of 

biomass pyrolysis and gasification [5,6]. 

The biomass pyrolysis and gasification in the setups 1 and 2 was performed in the flow of 

catalytic fuel combustion hot gases. In order to exclude additional oxygen intake, the biomass 

was fed by flow of an inert gas (nitrogen). As shown by the experiments, the efficiency of the 

process was only slightly dependent on the temperature (in the range of 650-750°C), but very 

sensitive to the content of oxygen in the reactor. Increase of oxygen concentration leads to the 

biomass deep oxidation (see Fig. 4), and at the outlet of the reactor substantial amounts 'of 
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carbon dioxide was detected. The process of gasification was occured deeper with adding of 

water vapour to reaction zone (see Fig. 5 and Table 2). 

Table 1. Amounts of the products of biomass pyrolysis and gasification 

The aseous products 
T, H2, CO, CH4, CO2, oc %vol. % vol. %vol. %vol. 

0.1-0.2 - 650-750 2.3-4.2 3.6-4.3 0.5-2.7 7.0-
8.5 

Ex erimental setu 
6.0 0.6-2.1 0.3 650-750 1.5-5 .1 3.2-4.3 0.2-0.8 10-12 
5.0 0.2-0.3 20-80 650-700 3.8-6.8 6.3-12 0.7-1.6 14-15 
Ex erimental setu 
0.8 10 700 6-7 12-18 5-9 7-8 
0.8(Ar) 10 700 6-7 1.5-2.5 12-15 2-3 
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Fig. 4. Concentrations of CO and H2 vs. coefficient of the oxidizer excess (a) (a= added oxidizer/ 

stochiometric needed oxidizer). 
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Fig. 5. Concentrations of CO, H2 and C~ vs. feed rate ofH2O 
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Table 2. Specific output of products of pyrolysis and gasification in setup 2 

Product Specific output of products of pyrolysis and gasification (g/kg of biomass) 

Experiment, 700°C thermodinamic calculations Tom S.Q. et. al., 

at 700°C clata at 800°C [7] 

H2 33.9 29.4 10.8 

co - 784.5 411.8 180.9 

CH.i 48.6 0.003 31.0 

Conclusions 

The biomass pyrolysis and gasification in the setups compnsmg catalytic fluidized bed 

reactors (CHGs) were studied. The composition of the gaseous products of these processes 

was shown to depend substantially on the experimental conditions and the biomass feed rate. 

Using steam-air mixture for biomass gasification allowed to increase of CO . and H2 

concentrations in the reaction products. 
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Boreskov Institute of Catalysis SB RAS, Prosp. Ak. La,vrentieva 5, Novosibirsk 630090, Russia 

Abstract 

Experimental studies were focused on feasibility of utilization of hydrocarbons diluted with 

inert gases (for example, associated oil gases) in the course of synthesis of nanofibrous 
' 

carbon. The carbon yield and catalyst lifetime were studied depending on parameters of the 

initial reaction mixture. It was discovered that varying the composition of the initial gas 

mixture allowed textural characteristics of the carbon product to be controlled. 

Introduction 

Synthesis of nanofibrous carbon by decomposition of hydrocarbon gases over metal-containing 

catalysts has become of ever-increased interest in the recent years. Prospective application areas 

of this material are catalyst supports [1], electrode materials [2], supports for immobilization of 

biologically active substances [3] and additives to polymers [4]. Besides, nanofibrous carbon 

behaves as a good adsorbent that makes it useful for cleaning wastes from harmful impurities [5]. 

The material is a collection of carbon fibers with diameter distribution between 3 and 500 nm. 

Nanofibers are structured in the graphite-like manner. Depending on the catalyst type and reaction 

conditions, the basic graphite planes may be arranged either as a kind of coaxial cylindrical 

system (multi-layer nanotubes) or at some angle to the fiber axis to fonn a system of cones put 

one into another or a package. The use of high-loaded metal-containing catalysts allows the 

nanofibrous material to be produced not only as individual fibers or unstable conglomerates to be 

easily dusted but also as porous granules [6] built-up by densely packed interlaced nanofibers. 

Iron, nickel, cobalt and alloys thereof are most practicable catalysts for synthesis of carbon 

nanofibers, hydrocarbons and carbon monoxide being used as the hydrocarbon gaseous feedstock. 

The process is achieved at the temperature range of 700-1200 K. Mechanisms of fonnation of 

individual nanofiber and porous granules are discussed elsewhere ([4,7] and [6], respectively). 

The simplicity of the process makes ·1t · possible to use associated oil gases as the hydrocarbon 

feedstock. At present these gases are not utilized but torch burnt at remote little-inhabited regions 

of oil extraction where their utilization in ordinary way is unprofitable. The wastes cause 
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environmental problems at these re~,ons. The application of the proposed process will allow 

the wasteless utilization of associ~te4 oil gases to produce valuable products, hyd{ogen ~nd 

nanofibrous carbon that also can b~ used to abate environmental pollution. 

Associated oil gases often contain, apart from hydrocarbons, inert impurities that may have a 

considerable impact on the efficiency of process of hydrocarbon decomposition and on properties 

of the produced carbon materials. At the same time, we failed to find any papers dealing with the 

influente of the inert impurities in the' reaction medium on the synthesis of the nanofibrous 

material. 

The aim of the present paper was to elucidate what would be the effect of dilution of the 

initial mixture (the presence of inert impurities in the reaction medium) on parameters of the 

process of synthesis of nai;iofibrous .carbon. 

Experimental 

Experiments on synthesis of nanofibrous carbon material were carried out using an 

installation providing ideal gas mixing in a fluidized bed reactor. The mixture was prepared 

and fed to a quartz microreactor with a loaded catalyst. The microreactor was thermostated. at 

a preset temperature. During the r~action, the microreactor was forced vibrating along 

vertical. 

Major experiments were _aimed at establishment of dependencies of the total yield of the 

carbon product and the catalyst deactivation rate on parameter~ of the reaction medium. The 

experiments were conducted until the complete cat~lyst deactivation. The outlet gas mixture 

was analyzed chromatographically during ,the process that allowed the kinetics of catalyst 

deactivation to be studied_. As soon as the process was completed, the produced carbon was 

unloaded from the reactor and weighed todetermine the product mass. 

The percentage of inert impurities was yaried from Oto 90% during experiments. Nitrogen, 

argon and helium were used as inert impurities. Experiments were carried out at atmospheric 

pressure. The mixture was fed into the reactor in the amount to provide constant consumption 

9f the methane constituent at the _ level corresponding to that in experiments with pure 

methan~ (120 /(h·&:at)). , Temperature was _ vari~d in the range of 475-575°C. The carbon 

n,iaterial was. synthesized , using a Ni-containing catalyst prepared by co-precipitation. The 

components _ were precipitated from aqueous solutions of Ni(NO3)i,6H2O and Al(NO3)3-9H2O 

t~ken in proper proportion with NaOH used as the precipitating agent [8]. 

Additional experiments allowed t~e catalyst activity and characteristic diameter of produced 

nanofibers to .· be estimated • depending on the . synthetic conditions. In these experiments, 
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nanofibrous carbon was synthesized during 2.5 hours. After that time, the reactor was 

detached from a thermostated furnace and immersed in cold water to provide fast cooling. 

Transmission electron microscopy with a microscope JEM-lOOCX (limit resolution 2 A, 
accelerating voltage 100 kV, spherical aberration of the object lens 2.8 nm; magnification 

10000 to 100000) was used for characterization of samples obtained. 

Results and discussion 

Fig.I illustrates experimental results obtained with methane/argon mixtures. When the inert 

gas is added, the total carbon yield (the yield observed after complete catalyst deactivation) 

decreases. The influence of inert impurities is not noticeable at the range of low concentration 

but becomes more and more apparent as the argon concentration increases. 

Besides, a regular decrease in the carbon yield at temperature elevation is observed at any 

concentration of the inert impurity. Probably, the decrease results from more rapid catalyst 

deactivation at relatively high temperatures. 

The catalyst lifetime depends considerably on the inert impurity concentration in the gas 

mixture. Fig. 2 shows methane conversion versus process time at different argon 

concentration in the reaction mixture. AIJ the curves are plotted for the same temperature 

(535°C) of synthesis· of nanofibrous carbon. The time of complete catalyst deactivation 

shortens with an increase in the inert impurity concentration. In particular, the deactivation is 

observed just after the gas mixture starts feeding into the reactor at high concentrations of 

inert impurities. 
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Methane 
conversion 

Dependence of methane conversion on time. T=535 C. 

0,4 ---------------.-------,-----

0 5 10 Time,h 15 20 25 

x- Initial mixture Cf4(100%); ◊- Initial mixture Cf4(90%)+Ar(10%);- Initial mixture CI4(80%)+Ar(20%); 

■ - Initial mixture CI4(10%)+Ar(90%). 

Fig. 2. Dependence of methane conversion on the time of catalyst operation at different proportion of 

argon in the inlet mixture 

Comparison of the experimental data allows the conclusion that a decrease in the carbon yield at 

high concentrations of the inert gas results from a faster catalyst deactivation under these 

conditions. The conclusion is supported by electron microscopic data. Deactivated particles of the 

active phase of the catalyst encapsulated with the carbon layer are observed in a considerable 

amount in 2.5 hour after beginning of the process in the samples synthesized at high 

concentrations of the inert gas. 

It should be noticed that the above phenomena were independent of the nature of the inert gas. 

Similar behavior of methane mixtures was observed with nitrogen, helium and argon. When 

the mixture was diluted with these inert gases, the carbon yield and deactivation rate varied in 

the same manner in all the cases with close quantitative ratios. 

As the concentration of inert impurities in the gas phase increases, the size distribution of 

catalyst nanoparticles and, as a consequence, that of fibers grown thereon changes. With 

I 00% methane used as the feedstock, the average diameter of nanofibers ranges between 30 

and 40 nm that is in agreement with the results of previous work [9] achieved with the same 

catalyst. At a high concentration of the inert impurities the average diameter of nanofibers 

decreases considerably to fall into the size range below 20 nm. This effect of, changes in the 

characteristic size of nanofibers was unknown before. The result obtained makes it possible to 

predict probability of variations in the textural characteristics of the carbon material (granule 
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porosity and diameter of the nanofiber constituents) due to changing of the inert impurity , 

concentration in the reaction mixture. 

Analysis of experimental data on the influence of inert impurities on the carbon yield and 

catalyst deactivation rate led to assumption that the inert gas does not have in itself any direct 

effect on the process of nanofiber carbon growth. Nevertheless, the presence of the inert 

impurity in · the system gives rise to the dilution to decrease absolute concentrations of 

methane and hydrogen. The presence of hydrogen in the reactor prevents deactivation of 

catalyst nanoparticles due to impediment to formation of the encapsulating carbon layer. 

This assumption is in agreement with literature data· [10]. The authors of this paper studied the 

catalyst deactivation during decomposition of propylene. The principal deactivation mechanism 

was, as in the present work, encapsulation of active catalyst particles. The authors discovered that 

catalyst was considerably less deactivated in the presence of hydrogen in large ar,nount. 

Additional experiment at a higher pressure and T=550°C was conducted in order to elucidate 
,' 

if there is indeed the influence of hydrogen. No inert impurity was used but the inlet gas was 

methane alone at excess pressure of 1.2 atm. As expected, the carbon yield was 205.3 g/gcat 

that was 60% higher than that observed at standard pressure. 

Conclusion 

The results obtained demonstrate that inert gases can be used for synthesis of nanofibrous 

carbon materials. The texture of carbon material · can be controlled by varying the 

concentration of the inert impurities in the reaction medium. 

Thus, the process of synthesis of nanofibrous carbon can be used for wasteless utilization of various 

diluted hydrocarbon gases (including associated oil gases). Due to its good adsotption properties, 

the reaction product - nanofibrous carbon - also can be used for environmental protection. 
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fu present time sufficiently strict demands are laying on the quality and purity of oil 

products, for example, on the content of admixtures of diene hydrocarbons. The most 

effective catalysts for selective hydrogenation of diene hydrocarbons are supported palladium 

catalysts. The main disadvantages of these catalysts are their low selectivity, leading to the 

loss of purpose 'products, · and also proceeding of the-processes of coke formation. In 

connection with mentioned reasons, the development of scientific fundamentals of obtaining 

of efficient catalysts for hydrogenation of diene compounds became at present time an actual 

problem . . The aim of this investigation is to study the influence of the support structure and 

also .of palladium distribution_.on the surface of catalyst on its catalytic activity in the reaction 

of hydrogenation of dienes to hydrocarbon fraction C5-C9 . 

. fuvestigation of composition, surface and structural characteristics for a number of 

industrial and experimental standards of catalysts for selective hydrogenation of diene 

hydrocarbons to fraction Cs-C9 was carried out with the use of complex of physico-chemical 

methods, such as thermodesorption of nitrogen, diffractometry, X-ray-fluorescence analysis, . 

flaming and atmnic-absorbtive photometry. A number of catalysts, taken for investigation, ; · 

have the wide variations of distribution and quantity of palladium, of phase composition and • • 

porous structure of aluminum oxide as supporter. Catalytic activity of investigated standards 

in reaction of hydrogenation of pyrobenzine in small-scale reactor of flowing type with the 

volume of loading 6 cm3 was determined. The carried out tests of catalytic activity of industrial 

and experimental standards of catalysts and analysis of structural characteristics showed, that the 

catalysts, having the surface distribution of active component on the support - y-Alz03 with 

tetragonal symmetry are the best for the process of hydrogenation of diene hydrocarbons. 
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Introduction 

Metallic ruthenium catalysts has proved to permit milder operating conditions in ammonia 

synthesis compared with the magnetite-based systems, such as low synthesis temperatures and 

pressure (70-105 bars vs. 150-300 bars), while maintaining higher conversion than a 

conventional Fe-K2O-A}iO3 catalyst (1]. The activity ;ofRulsupport catalysts in ammonia 

synthesis strongly depends on the support nature and increases in the following order: 

support= carbon< TiO2 < Nb2O5 << A}iO3 << MgO (2]. It has been suggested [3] that 

dissociative chemisorption of N2 on Ru metal, which is the rate-determining step of ammonia 

synthesis, is promoted by electron donation from basic MgO surface to Ru particles. However, 

the experimental data, which have been published yet [4], look insufficient for making the 

strong conclusions on the type of electronic effect of MgO to supported Ru particles. Here we 

report the_ data of further characterization of Ru/MgO system by XPS and high-resolution 

transmission electron microscopy (HRTEM) techniques. 

Experimental 

Magnesium oxi~e (prepared in BIC; surface area, 135 m2/g; fraction 0.25-0.50 mm) 

calcined in a dry airflow at 450°C and stored under Ar was used as a support. The weighted 

amount ofMgO was incipient wetness impregnated with an acetone solution ofRu(OH)Ch at 
' . 

room temperature (RT) for 10-15 min. The sample was dried by blowing air at RT, than by 

outgassing at RT for 2h and at 60°C and 0.02 Torr for 6 h. To attain the desirable content of 
. ·, ' 

Ru in the sample the impregnation run was repeated 3 times due, to low solubility of Ru 

complex in acetone. The reduction of Ru(OH)Cb/MgO precursor was carried out in a tube 

fixed-bed glass reactor in flowing H2 (80 mVmin) by heating the sample up to 450°C during 2 h 

and keeping at this temperature in a H2 flow for another 6 h. The reduced Ru/MgO sample was 

cooled to RT, unloaded in an argon flow and stored in sealed glass ampoules under Ar or in vacuo. 
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The resulting sample contains 4.2 wt.% of Ru, as detennined by X-Ray fluorescence spectroscopy. 

For XPS studies the samples :were pressed into a Ni grid immediately after unsealing the storage 

ampoules and transferred to a test chamber (the duration of sample stay in air during these 

manipulations was s5 min). The vacuum in the test chamber was maintained at 10-6 mbar. H2 was 

then admitted at a pressure of 1 bar, and the samples were re-reduced under static conditions at 

350°C for 1.5 h, followed by oµtgassing (1-5· 10-8 mbars) the samples at RT. The XPS 

spectra were recorded on a VG ESCALAB HP spectrometer using the non-monochromatic 

radiation of AlKa. (Ehv = 1486,6 eV, 200 W power). The binding energy (BE) scale was 

calibrated relative to the peaks of Au4h12 (84.0 eV) and Cu2p312 (932.6 eV). Charging was 

corrected using the Mg2s peak (88.1 eV) as internal standard. The charging factor was 
.. 

determined as the difference between the measured and tabulated values of BE. 

The HRTEM measurements were performed on a JEM2010 electron microscope operated 

at 200 kV. Prior the examination, the sample powder was ground and suspended in ethanol. A 

drop of suspension was then mounted on a copper grid covered by carbon film, and the 

solvent was allowed to evaporate. Maximal resolution was 0.14 nm at 180000 magnifaction. 

From each sample about 250 particles were measured to determine a statistically justified 

averaged particle size and particle size distribution. 

Results and discussion 

Fig. la compares XPS spectra, in the Ru 3d region, performed on the Ru(OH)Ch/MgO and 
,. 

Ru/MgO samples. In this region Ru species show two peaks due to the Ru 3d512 and Ru 3d312 

transitions. fu the following the values of BE will be referred to the Ru 3d512 peak. The BE of the 

peak at 282.1 eV for the Ru(OH)ClyMgO sample before reduction (Fig. la-J) coincides with the 

BE of Ru 3ds12 measured for the native bulk Ru(OH)Ch. Another peak around 285 eV assigned to 

be Ru 3d312 is considered to contain the C ls component; the appearance of C ls peak is 

presumably caused by carbon impurity in the apparatus. After the reduction of Ru/MgO sample 

(Fig. la-2), the Ru 3d peak shifts to lower BE value (279.5 eV) indicating the presence of 

ruthenium in the metallic state. It should be noted that the BE value of 279.5 eV is by 0.6-0.8 eV 

lower than that is observed for bulk Ru metal (Eb= 280.2 eV). This shift of the Ru 3d peak is often 

interpreted as a result of electron transfer from a support to supported Ru metal particles [3]. 

· To obtain information on the Ru particle size and. size distribution, the reduced Ru/MgO • 

sample was subjected to a HRTEM study. The electron micrographs demonstrate the contrast 

images of Ru particles of spherical shape, which are uniformly distributed over the support 
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Fig. 1. Ru3d (a) and Cl2p (b) spectra ofRu/MgO sample before (1) and after reduction (2). 
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Fig. 2. Size distribution of Ru particles, supported on MgO. 

The Ru crystallites having diameters di less than 10 nm constitute the majority of the metal · 

particles. Besides, Jew larger Ru crystallites (di ~ 10-18 nm) were also present. The average 
. ' ., ; ; 

diameter of Ru particles, <d> defined as <d>= I(nidJ/Eni, is 4.08 ± 0.26 nm, as determined 

from the histogram. 
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Fig. lb exhibits XPS spectra, in the Cl 2p region, recorded for the Ru(OH)ClMgO and . 

Ru/MgO samples. The surface Ru/Cl atomic ratio of Ru(OH)Ch/MgO sample1 as determined from · 

th~ integral intensities of Ru 3d and Cl 2p peaks (Figs. la-J and 1 b-J) was 0.65, i.e. ca. 2 times 
! 

higher than the Ru/Cl ratio of 0.36 found for native Ru(OH)Ch in agreement with the 

stoichiometric ratio. This increase in the Ru/Cl ratio may be caused by hydrolysis of 

Ru(OH)Ch under H20 traces containing in acetone and/or by partial substitution of Cl ligands 

of native compound for OH groups on MgO surface during the impregnation. Upon reducing 

the Ru(OH)Ch/MgO sample, the Cl 2p spectrum (Fig. lb-2) shows a further sharp decrease in 

the peak intensity. The surface Ru/Cl ratio was increased by a factor of about 10 (Ru/Cl = 6.2) 

obviously due to conversion of hydroxychloride complexes of Ru into metallic Ru. An 

insignificant amount of chlorine still remains after reduction on the ·· sample surface 
, .. 

presumably a:s MgC}z formed due to the reactions ofRu(OH)Ch and/or HCI with MgO [5]. 

. >--
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Q) , ..., 
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Fig. 3. 01s spectra ofMgO and Ru/MgO. 

Fig. 3 presents XPS spectra of MgO and Ru/MgO samples in the O ls region. The both 

spectra contain a peak of asymmetric shape suggesting the presence of different surface states 

of oxygen. Deconvolution of this peak fits very well by using a pair of components, 

respectively, at 529.9 and 532.2 eV in the case of MgO bulk or ~t ~~9.8 and 531.7 eV in the 
.. . ' ~ ... , . 

case ofRu/MgO. The component at higher BE (about 530 eV for t4e both samples) is related 
. . .~, 

to 0 2~ ions of MgO lattice, whereas the second component can be-~signed to OH groups on 

MgO surface [6]. The shift of the second component by 0.5 eV to lower BE observed in the 
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spectrum of Ru/MgO ' as compared with the spectrum of pure MgO may derive from 

interaction of surface OH groups with supported Ru particles leading to the appearance of a 

negative charge on oxygen atoms. However, this assumption is in contradiction with the fact 

that the Ru 3d peak observed in the spectrum of Ru/MgO sample is shifted to lower BE 

values; this shift may show that Ru metal particles, when supported on MgO, also are 

negatively charged. 

Meanwhile, the appearance of a negative charge on metal atoms may not be the only reason for 

the shift of corresponding XPS features towards lower BE values. Another possible reason is the . 

differential charging effect observed, as it has been shown previously [7], for the non-conducting 

samples which consist of several phases significantly differing by their conductivity (for example, 
~ ' .. ~ , ' 

Ru metal and MgO support). This effect can not be corrected by using an internal standard. Indeed, 

the uniform shift of all peaks observed may result in underestimation of BE value for the phase 

possessing the higher conductivity, since its surface positive charge generated due to electron loss 

under photoemission would be less than that for the phase having the lower conductivity. 

Evidently, if the differential charging phenomenon be taken into account for the case of Ru/MgO 

system, the aforementioned contradiction may prove to be apparent. 
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Fig. 4. Ru3d and Auger RuMNN spectra for of bulk Ru .(1) and Ru/MgO (2). 
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To check the· presence of differential charging phenomenon, we recorded the Ru 3d and 

Auger Ru MNN spectra (Fig. 4) for the samples of bulk Ru metal and Ru/MgO and calculated · 

the corresponding values of Auger parameter, o. by the formula 

a = KE (RuMNN) + BE (Ru3d), 

where KE is the kinetic energy of Auger electrons and BE is the binding energy of Ru 3d core 

level spectra. As a first approximation, the a value is supposed to be independent of the 

charging. Fig. 4 demonstrates that the values of Auger factor found for Ru bulk (554.7 eV) 

and Ru/MgO (554.8 eV) sample coincide confirming that the Ru/MgO sample contains 

metallic ruthenium. Therefore, the shift of Ru 3d peak in the spectrum of Ru/MgO to lower 

BE is caused by the differential charging effect and not related to the· presence of a negative 

charge on Ru particles. 

~ 
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Fig. 5. Valence band spectra for bulk Ru (1) and Ru/MgO (2). The dotted curve was obtained after the 

shift curve 2 by 1.0 eV towards higher binding energy values. 

The value of the differential charging effect can be estimated by a comparison of the 

valence band spectrum of supported metal particles with that of bulk metal [8]. It should be 

noted that this comparison gives a reliable result only if any changes of the valence band 

spectrum caused by the small sizes of supported metal particles may not observed, i.e. if the 

mean diameter of these particles is higher than 2 nm [9]. Fig. 5 comprises the difference 

valence band spectrum of supported Ru particles ( obtained by subtraction the spectrum of 
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MgO support from the spectrum of Ru/MgO sample) with the valence band spectrum of bulk 

Ru. The both spectra exhibit the Epes of similar widths, but the line in the spectrum of 

supported Ru metal is shifted by 1. 0 e V to lower BE values relatively to the line for bulk Ru: 

Since, according to HRTEM data, the mean diameter of supported Ru crystallites containing 

in the Ru/MgO sample is as large as 4;0 nm, it is reasonable to attribute this shift to the 

differential charging effect. Correspondingly, the value of differential charging can be estimated as 

equal to +1.0 eV. After the correction of the Ru3d spectrum ofRu/MgO (Fig. la-2) by this value, 

the BE of Ru 3ds12 is changed to 280.5 eV and becomes by 0.3 eV higher than the BE of Ru 

3d512 for bulk Ru. Based on this result, we assume the supported Ru particles are positively 

charged in fact. The last conclusion along with the observation of a negative shift of O 1 s peak 

at 532.2 eV allows to suppose that Ru metal particles interact with the acidic OH groups of 

MgO surface, and this interaction is accompanied by transfer of electronic density from metal 

particles to oxygen atoms. 

Thus, unlike that was suggested early [3,4, 1 0], we found that the resulting electronic effect 

of MgO surface to supported Ru particles is .the electron-accepting one. We did not observe 

any evidences for the electron-donating effect of lattice 0 2- ions of MgO lattice to supported 

Ru metal, which may be manifested in a positive shift of O ls peak at 530 eV, possibly due to 

the weakness of this effect or the considerably higher surface content of 0 2- ions as compared 

with the atomic content of Ru. The increased electron-accepting properties of MgO support 

observed here may be caused by the presence of er impurity, which usually increases the 

acidity of a support [11]. In order to confirm or reject this assumption we are planning to 

study the Ru/MgO sample prepared by use of Cl-free Ru precursor. 

In conclusion, it should be emphasized that the positive charging of Ru particles on MgO 

surface may be a reason for insufficiently high activity of unpromoted Ru/MgO catalyst in 

ammonia synthesis. The addition of alkali promoters (CsNO3, Cs2CO3, potassium metal etc.) is 

necessary for increasing the activity ofRu/MgO catalyst up to practically acceptable level [ 4]. 
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Alkylation of isobutane with butenes is an essential process for production of the high 

quality gasoline. Sulfated zirconium oxide (SZ) have attracted considerable attention in 

the last few years due to its potential to form an active catalytic system to be used for 

hydrocarbon low-temperature conversion, including alkylation of isobutane. However, the 

fast deactivation of this kind of catalysts is a major drawback for commercial application. 

The nature and the origin of organic residues, present in spent SZ catalysts after alkylation, · 

have been studied by combined UV-VIS and FT-IR techniques. The bulk SZ was 

investigated, as well as silica supported SZ. The alkylation reaction was carried out in liquid 

phase at temperature 40°C in stirred tank reactor. The space velocity was WHSV=0.05 h-1 

referred to the butenes. Deactivated SZ samples were recovered at different time-on-stream. 

For all samples the three kinds oforganic compounds are present: light hydrocarbons, such as 

alkylates and small oligomers, entrapped in the catalysts, high unsaturated byproducts ~s 

polyenes and stable alkyl substituted cyclopentadienes. The polyenes and cyclopentadienes 

are nonextractible and nondesorbed products. These compounds blockade active sites, which 

are accountable for alkylation reaction. 

Deactivation of sz. by alkylation isobutane with butenes is likely the results of a series of 

reactions starting with the oligomerization of the butenes: butenes oligomers . polyenes 

cyclopentadienes. 
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*ReMeta/1 GmbH, Drochow, Germany 

Catalytic converters are a widely used approach to solve a problem of transport exhaust 

gases cleaning. In this paper we report on the system based on open cell nickel foam with 

special oxidation catalyst upstream of a particulate trap on railway diesel locomotive. 

Catalytic converter should be integrated in exhaust system of diesel engine. ln this case 

the main and the most strongest limitation for this catalytic system is that the pressure drop 

should not be more than 3 kPa. This limitation is due to keeping the working conditions of 

diesel engine without retrofitting or power loss. Also there are restrictions for converter size 

and shape (it should be mounted instead of locomotive muffler). Volume flow and speed of 

engine exhaust gases is up to 29,5· 103 m3/hour and 98,5 mis. It is clear that in these hard 

conditions the construction of catalytic converter should be developed sophisticatedly. 

The main aim of the present development is to achieve a minimum pressure drop with a 

maximum conversion of soot and NOx. We used a finite elements method to simulate 

processes of gas distribution in converter. Three dimensional finite elements model was used, 

because the construction of converter did not have any symmetry axis and have only one 

symmetry plane. In our model there is two types of materials: free space and nickel foam, 

used as the catalytic supporter in our construction. Gases motion in foam structures is 

ni.~deled · using Darcy law. The simulated process is accepted to be stationary. Thermal 

conductivity and radiation processes are not modeled. 

The results show that total pressure drop of catalytic converter is up to 3,25· 103 Pa on 

the maximum load level of diesel engine. The results are confirmed by the tests performed in 

January 2002 on the real diesel locomotive in Germany. The measured pressure drop on the 

maximum load level is 3,22· 103 Pa. Also the analysis of simulation results shows that gas 

distribution in converter is significantly non-uniform along catalytic blocks. So the 

construction of converter should be improved to achieve low pressure drop. 
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Engine and combustion improvements have substantially reduced NOx and particulate from 

modem diesel engines. In this paper we report on the system based on nickel foam with 

special oxidation catalyst upstream of a particulate trap on railway diesel locomotive. Over 

the catalyst some of the engine-out NO emission is oxidized to NO2, which · is active for 

continues oxidation of soot collected m the trap · above 

300°C. As a result of this regeneration process the trap is always lightly loaded with soot and 

the backpressure level is therefore very low. The oxidation catalyst naturally also leads to 

very low emissions of CO, hydrocarbons of fuel and soluble organic fraction of soot particles, 

containing carcinogenic poly-aromatic hydrocarbons. Dry carbon particulate is aggregated on· 

three-dimensional structure of nickel-foam material of trap. The process of soot tapping is 

continuous when a filter is included in an exhaust assembly, but here soot destruction and 

reduction NOx is also continuos at temperatures > 300°C. 

The system consists of an oxidation catalyst and a particulate trap downstream the catalyst. 

Catalyst and trap consists of a three filter made of many porous nickel blocks and an electrical 

heater, which is planar shaped for wide-area and uniform heating. An electrical heater is set in 

the space between the blocks, so the accumulated soot in filter is heated and burnt out 

directly. The size and the coating of the catalyst is optimized to produce sufficient NO2 for 

soot oxidation and therefore depends on the engine out NOx and particulate emission and on 

the exhaust temperature. The total soot oxidized in the trap depends on the NO2 content, 

temperature of exhaust gas and catalytic blocks and on the soot mass collected. Electronic control 

of heating devices and temperature at catalyst-trap system may be mounted with electronic engine 

system. 

The system has been shown to reduce NOx by 20% to 80% over a variety of cycles intended 

to reproduce driving conditions in railway. 
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OXIDATION CAT..iiYST FOR GAS OXYGEN SENSORS 

Malchikov G.D., Timofeev N.1:, Bogdanov V. I.*, Tupikova E. N., Goryainova N.E. 
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The object of researches is the catalytic material representing metal (stainless steel, 

nickel and chrome steel, nickel) block prepared according to the technology of damping 

h~dware products ("metalrubber") and covered with highly dispersed coating of Platinum 

Group Metals (Pt, Pd, Pt+Rh and Pd+Rh). The coatings are deposited hy method of autoclave 

them1olysis of corresponding metal complexes. Platinum metals content does not exceed 

0.1%. 

The catalytic properties were investigated in model reactions of a complete oxidation of 

hydrocarbons (n-hexane). The high efficiency and stability of the block catalytic material in 

the processes of hydrocarbons combustion is shown. The conditions of the reaction transition 

from kinetic in outward diffusive area are defined. It is stated, that irrespective of the nature 

of catalytically active metal the reaction has the first order to hydrocarbon at multiple excess 

of oxygen. It is detem1ined, that at contents of sulfur components (thiophene) ~ 0.3% in 

oxidable hydrocarbon the catalyst maintains high activity. 

:, iThe developed catalyst has shown good results at laboratory's tests in the processes of 

the off-gases , ( operations, power engineering, transport) neutralisation and organic synthesis. 

We used the block catalyst as a nozzle for preparation of gas probe in oxygen sensors or as a 

nozzle at the exhaust of gases from the sensor at the server of hydrogen production. 

The function of a nozzle consists in transfom1ation of gas probe to equilibrium state at 

different initial non-equilibrium gas mixtures. As a result, the sensor signal does not depend 

on consumption and gas streams velocity. 

The sensors work stable on a number of pl~ts as a part of Automatic Control System of 

regulating fuel/oxidation ratio on generators of endogas, furnaces of grouting, control of 

shielding mediums and instillations of hydrogen production. 

The work is supported by "Haldor Topse A/S" company. 
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Mo/ZSM-5 catalysts are the most promising for dehydro-aromatization of methane to 

benzene. At the moment it is important to define the conditions of synthesis and to study the 

nature of active component of these catalysts [l-3]. 

A change in a ratio between monomeric and polymeric species of molybdenum regarding 

the concentration and pH of the impregnation solution will probably make a significant effect on 

the nature and number of active sites of Mo/ZSM-5 catalysts. We used the electron absorption 

spectra to study the dependence of structure of molybdenum species in the initial impregnation 

solutions of ammonium heptamolybdate on the concentration and pH of these solutions. 

As the molybdenum concentration increases, the degree of absorption increases and.an 

absorption edge shifts to the long-wave part of spectrum, that may indicate an increase in the 

degree of molybdenum polymerization [4]. The fact that the Buger-Lambert-Beer law is 

obeyed in two concentration ranges as 2-10-6_5.10·5M and 2.10·3 -10-1M suggests that the ratio 

of the light-absorbing molybdenum species is similar for the above solutions. When 'the 

molybdenum concentration is 5.10·5 -2-10·3 M, this law does not work, suggesting that the 

molybdenum species are heterogeneous and their amount is different. 

When the solution of ammonium heptamolybdate is alkalized, the absorption degree 

increases. For higher concentrations of molybdenum, the initial absorption edge shifts to the 

short-wave spectrum part (Fig. I). A change in the spectra shows that the polymeric 

molybdenum species transform into a monomeric molybdate-ion state [ 4,5]. In each case, as 

pH achieves some limiting value, there are no changes in the electron spectra~ This indicates a 

complete transition of molybdenum into the monomeric species. 

By contrast, when the ammonium heptamolybdate solution is acidated (the 

concentration of molybdenum is in the range of 2-104 -10-1M), the initial absorption edge 

shifts -to a more long-wave spectrum part (Fig. I). In this case, changes in the spectrum 

indicate an increase in the polymerization degree [ 4]. 
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Fig. 1. Effect of pH on the shape of electron spectra of ammonium heptamolybdate solutions 

The molar extinction coefficient of ammonium heptamolybdate solutions with 

different concentrations calculated for the fixed value of pH and specified wave length does 

not practically change over a wide range of molybdenum concentration, 2-10-5-10"1 M, when 

pH~ 7 (Fig. 2a). This indicates that the solutions contain molybdenum in the similar species. 

The fact that molybdenum exists only as a molybdate-ion state in the solutions with a 

concentration of 2· 10-5M indicates that this monomeric species MoO/, typical for strongly 

diluted solutions of ammonium heptamolybdate, maintains at pH ~ 7 and high concentrations 

of molybdenum. 

As follows from Fig. 2a, the dependence between the molar extinction coefficient and 

molybdenum concentration in the above solutions (6·104 -10-1M) changes also insignificantly 

when pH is fixed (pH = 2-4). For this concentration range, the degree of molybdenum 

polymerization increases and the polymeric species dominate if the solution is acidified. The 

fact that the molar extinction coefficient is constant in the molybdenum solutions indicates 

that either the ratio between different molybdenum polymeric species is equal or the species 

are of the same type. 
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Fig. 2. Molar extinction coefficient (E) vs. molybdenum concentration (C ). The values of pH and 

wave length (A-) are fixed. 

According to Fig. 2b, the molar extinction coefficient 1s not constant when the 

molybdenum concentration is varied and the fixed pH is 4-6. 

Therefore, the experimental data suggest that the reaction of polymerization does not 

occur upon the low molybdenum concentration or increasing of the pH of solutions. In . 

addition, there is a region where polymeric and monomeric molybdenum species exist at a 

time. When the concentration of molybdenum is higher or pH of the solution decreases, the 

monomeric species almost completely convert into the polymeric species. 
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Because the styrene synthesis is one of the ten largest industrial processes in the world, there 

is a strong incentive to overcome the drawbacks of such a process. Among the several 

alternative processes proposed, such as dehydrogenation followed by oxidation of hydrogen, 

dry dehydrogenation in the presence of CO2 and membrane technologies, the exothermic 

oxidative dehydrogenation (ODH) of EB to ST is one of the most elegant and promising 

reactions due to the absence of equilibrium limitations and lower operation temperatures. 

The performances of various mainly inorganic oxidic catalysts for the ODH of EB to ST were 

characterized by a similar induction period, during which the increase of the catalytic activity 

could be correlated to coke formation. Subsequently, dehydrogenation activity was obtained 

over amorphous carbon catalysts, but low performances or low stability in an oxidative 

atmosphere hindered the potential interest of such materials. High and stable performances, as 

compared to technical catalysts, were recently reported for sp2-bonded carbon structures, such 

as graphite and carbon nanofilaments (CNF). 

Non-planar sp2-bonded nanostructures are especially very active and promising for the 

realization of a technical application in the nearest future. It has been shown that the 

microstructure of the carbon materials was determining in order to obtain high and stable 

efficiencies. The structure-activity relationship and the nature of the active sites of such 

carbon catalysts still remain open questions. 

The aim of the present work is to .report influence of the carbon nature on the ODH 

performances via investigation of both non-planar sp3- and sp2-bonded nanocarbons. 

Transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), 
. . 

IR-spectroscopy, and BET surface area measurements were carried out in order to get 

more insight about the structure-function relationship of such nanocarbons as catalysts in tpe 

oxidative dehydrogenation reaction. 

; .,, ,.,.,,· 
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Introduction 

The fundamental study of the supported metal catalysts is quite important for 

understanding and improving their catalytic behavior. The wide set of parameters, namely, the 

metal particles shape and size, the distribution at the support surface, their electron properties, 

etc. are known to dramatically affect the catalytic activity [1,2]. The support itself-. the 

nature, surface structure and composition - in many respects determines these characteristics 

of the catalysts particles. The tandem of scanning tunneling microscopy and X-ray 

photoelectron spectroscopy is looking very promising when studying the supported systems 

as it would give the complementary information both about the particle / support morphology 

(STM) and about their electronic structure (XPS). Still, very often it is very difficult to apply 

these techniques to the direct study of "real", i.e. industrial catalysts - either due to 

methodical restrictions or because the obtained data result in the overcomplicated or 

ambiguous interpretation. The common way to avoid these problems is the preparation of the 

special model catalytic systems. Me/HOPG (i.e. metal particles deposited at Highly Oriented 

Pyrolytic Graphite) systems are the simplest and most widely used ones. Still, the results and 

conclusions obtained for HOPG systems can hardly be adapted to the oxide supports (to say, 

alumina or silica), because the nature and the strength of the metal to substrate adhesion 

forces are absolutely different in these cases. On the other hand, the usual oxide support 

samples are non-conductive (except for titania and MgO single crystals [3]) and therefore they 

could not be studied directly by STM technique. 

Some authors have reported on the successful application of Atomic Force Microscopy for the 

investigation of the alumina supported catalysts [4], and another team has achieved the interesting 

STM results by the preparation of very thin - and therefore remainingconductive - alumina layer 

over the surface of NiAl single crystal [5,6]. We have prepared another model support by the 

formation of the conductive alumina film over the metal substrate - Fe-Cr-Al alloy. Here we 

present the first results of the comparative of XPS and ex-situ STM study of two model supported 

catalysts - Ag/HOPG and Ag/ Ah03 film. 
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Experimental 

The microscopy study has been carried out in air by means of STM/AFM multi-microscope 

SMM2000T. The magnification has been varied from 2x104 for the maximal scan range of 6x6 µm 

to 107 for the precise scans. We have used Pt tips cut by scissors. For HOPG samples STM pictures 

were acquired with 0.2 V bias and 3nA tunneling current, while for alumina ones the scanning 

parameters were varied up to 2.2 V and 1 OnA, correspondingly. The practical vertical (1 nm) 

and lateral (3 nm) resolution was evaluated by using fresh cleaved HOPG sample. To prove 

the received STM pictures are representative the sets of several (from ten to twenty) points at 

every ~hosen magnification were explored for the each sample. The histograms were plotted 

after analyzing of more then hundred observed particles. 

All the sample preparation stages as well as XPS measurements were performed in the 

preparation chamber of VG ESCALAB HP electron spectrometer. XPS spectra were recorded using 

AIKa irradiation and calibrated against Au4f7/2 (BE = 84.0 eV) and Cu2p3/2 (BE = 932.7 eV) 

lines [7]. We have used the conventional UHV silver source with the massive Ag (99.99 purity) 

slab for the vapour deposition of metal particles. The temperature of the support sample and 

Ag source were measured by K-type thermocouples attached to back side of the sample 

holder and very near to the piece of silver, correspondingly. The pieces of 0.6 mm thick foil 

of ALF A-IV alloy (Allegheny Ludlum Corp.) have been used to prepare alumina samples. 

The major composition of the alloy includes Fe(74%), Cr(20%) and Al(5%). 

Results and discussion 

The study of AgnIOPG system 

The STM investigation of the Ag/HOPG samples has proved that the particles morphology 

strictly depends on the properties·ofthe support. We have found the "decoration" effect when 

silver particles were 'preferentially located at the polyatomic steps or the damaged / distorted 

patches of graphite surface. Such particles had usually the hemispherical shape in contrast to 

their spheroid mates at flat surface. Thus we assume that silver particles have the high · 

mobility over the graphite surface during the vapour deposition and, therefore, the 

temperature of the Ag source would be determinative for the particle size distribution. Indeed, 

just sliglif ~aising the 'Ag source temperature above 770 · K has noticeably changed the size 

distribution (Fig. 1 a, b). It became niore even·- due to decreasing of the smallest 
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Figure 1_. Particles size distribution histograms: a) for higher Ag source temperature; b) for normal Ag 

source temperature; c) after the normal procedure followed by the sample heating at 570 K 
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( < 10 nm) particles amount and more broadened - as the very large (> 120 nm) particles 

appeared. The probable reasons are: 

- at higher temperature the smallest particles can diffuse over the surface fo}f the longer 

time and distance until they meet another one(s) or any graphite surface defect; 

- the larger Ag clusters can initially leave the source; 

- the incident Ag flux upon the sample surface is more dense. 

The role of the surface diffusion is illustrated by the results of the 10 minutes heating of 

Ag/HOPG sample at 570 K (Fig. 1 b, c). One can see thafagai~ ;the fraction of smaller 
,, 

particles drops and very large Ag "pieces" are formed, but the size distribution remains 

asymmetric. Thus all factors listed above are likely to contribute to the resulted look of the 

size histogram for higher deposition temperature, but the further cross-linked experiments 

(with both HOPG sample and Ag source temperatures to be varied) are in need for better 

understanding. 

As concernmg with sample annealing 

effects (i.e. "thermal stability" of deposited 

silver particles), two main interdependent 

effects were observed: the growth·of v~ry large 

objects at the flat areas of the surfa66 and the 

migration of smaller particles out of there. At 

higher magnifications we have succeeded to 

reveal that the appeared formations consist of 

Figure 2. S1M picture of Ag!HOPG sample with very the several smaller particles. Figure 2 shows 

large silver particle (3.3 µmx 2.7 µmx73 nm) Jf 400 nm and the height of 40 nm (the latter is 

characteristics for the separate particles). We suppose that the stronger bonded to the surface 

particles ( either fixed at point imperfections or just of larger size) are the centers of such 

agglomeration. One should note that we have failed to resolve the "fine structure" of medium 

(30-60 nm) objects. It obviously means the smallest particles are merged each other to form the 

united larger ones. The shape of the larger particles is mainly hemisphericc!l while the isolated 
. ·'Y::: ·. 

ones remain quasi-spherical, so that one probably can use the height profil~s·qf ~he observed 

particles to rule out whether they are agglomerated or ncll. . . . ; . 

The preparation oftl,e model alumina support 

Before the alumina film preparation all alloy samples were cleaned by argon etching to 

remove the organic contamination and oxidized layer of the surface. Then the samples were 
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annealed in vacuum at 870-930 K for 10-15 minutes. XPS spectralhow that this procedure 

causes the dramatic increase of Al2s and Ols intensity (Fig. 3 a, b) indicating the surface 

segregation of aluminum and bulk dissolved oxygen. Al2s binding energy value of the main 

peak component (~120.1 eV) corresponds to oxide state of aluminum [7]. Still, some Al 

remains in metallic state, but the variation of the electron take-off angle results in the 

noticeable drop of its intensity, so that one could resume this component to originate from 

unaltered alloy lattice beneath the prepared alumina film. Indeed, the analysis of Fe2p and 

Cr2p peak positions demonstrates that no oxidation of these elements occurs, and the peak 

intensities are attenuated due to screening effect of alumina overlayer. We have used the latter 

effect to estimate that the thickness of the produced AlzO3 films does not exceed 4.5 nm (8]. 

STM investigation of the films .shows that their surface consists of the irregular but rather 

plain fonnations of very large sizes (Fig. 4) - for 6 x 6 µm scans the heights difference is 

hundreds nanometers. At higher magnifications the sample surface looks very flat (the height 

drop of 10 - 15 nm for 150 x 150 nm scans). No "particle-like" objects to misidentify them as 

silver particles are found. 

a 
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I I I I I , I I I I I I 

115 120 125 
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Figure 3. Al2s spectra (a) and Ols spectra (b) before (curves 1) and after (curves 2) the alloy sample annealing. 
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a 

b C 

Figure 4. STM pictures of clean surface of alumina film (U = 200 mV, I= 3nA) at various magnifications: 

survey scan (5.9 µmx5.9 µrnx600 nm); b) (1.2 µrnxl.2 µrnx250 nm); c) (150 nmx150 nmx16 nm). 

The study of model Ag/Al203 system 

After the detailed STM and XPS characterization of the produced alumina films the vapour 

deposition of silver has been performed. The Ag source temperature was varied from 650 K to 

850 K and the duration of evaporation ranged from 5 to 70 minutes. However, XPS 

estimation of silver coverage revealed that below 750 K the procedure time became too long 

(several hours for one monolayer of silver). Here we present the results for the s;;i.mples 

prepared at T 2: 750 K. The survey STM scans of the Ag/alumina samples show that silver 

particles are evenly distributed over the surface. The size distribution is very narrow and the 

maximal size of the particles · does not exceed 12 nm (Fig. 5). The shape of all observed 

particles is quasi-spherical and their typical height profile is shown at Fig. 6. 
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Figure 5. STM scan (upper panel) and corresponding 3D-picture (lower panel) of isolated Ag particles 

at alumina surface (220 nm x 136 nm x 40 nm); U = -2000mV, I= 5nA 

01nm 

Figure 6. Upper panel: STM image of single silver particle at the Alz03- film sample (92 nmx91 nmx20 nm), 

U = 200m V, I= 7nA. Lower panel: Height profile of this particle (in vertical direction) 
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Conclusion 

Two model supported catafysts -Ag/HQPGarid Ag/alumina:.:.... were prepared and studied 

by STM and XPS methods. The vacumn ~ealing of the HOPG supported samples at 570 K 

revealed silver particles to migrate over graphite surface and agglomerate to the larger 

formations. These observations indicated the very high mobility of silver particles at the inert 

support that results in the rather broad size distribution for the vapour deposited metal 

particles. On the contrary, we have found the very narrow size distribution for alumina 

supported catalysts indicating the total immobilization of deposited Ag particles, obviously 

due to much stronger metal - support bonding. Thus it proved again the nature of the support 

to be very important for the thermal stability of supported metal catalysts both during their 

preparation and ( especially) under the reaction conditions. Our preli~inary research of the 

specially constructed model alumina supportedcatalysts have 'shown such systems to be very 

useful for the further investigations on the morphology and the stability of the oxide 

supported metal catalysts. 
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Mixed oxides ABO3.d with perovskite structure have received considerable attention as 

efficient heterogeneous catalysts, e.g. in oxidation of CO and reduction ofNOx for application 

in auto-exhaust treatment [1 ], membrane catalysis [2,3] and electrocatalytic processes [ 4]. 

Since these oxides are Lewis bases they are promising in terms of oxidative coupling of 

methane and complete or selective oxidation of hydrocarbons [5-8]. 

On the other hand, perovskites because of their controllable physical and chemical properties 

can be used as model system for basic research in catalysis: i.e. to define the influence of 

partial substitution of the A and B site cations, oxygen stoichiometry, oxidation state of the 

transition metal B, crystal structure and structural disorder, etc. on the catalytic activity. 

Oxygen stoichiometry and mobility which have substantial influence on functional properties 

of perovskites are of considerable interest in this respect. It is generally believed that in the 

oxidative catalysis the activity of catalysts is defined by the state and concentration of the 

active oxygen on the catalyst surface and controlled by its mobility. Reversible uptake of 

oxygen by the catalyst can provide oxygen storage capability in reactions of complete or 

selective oxidation of hydrocarbons and oxidative coupling of methane. 

Under these aspects, it is remarkable that in a recent series of publications it has been reported 

that perovskite.-related compounds (La2CuO4 [9], L1½NiO4 with Ln = La, Nd, [10-11] and 

SrMO2_5 with M=Fe, Co [12-14]) are able to undergo reversible electrochemical oxygen 

intercalation at ambient temperature which is correlated with an unusual high oxygen ionic · 

transport property. It is considered that low temperature oxygen transport in these compounds 

is related to the presence of specific microdomain texture [ 13-16]. 

Microdomain texture assumes the existence of two forms of active oxygen (lattice and 

interdomain oxygen · ions) on the surface of perovskite type catalysts. ·· The state -and · · 

concentration · of these active oxygen forms can be controlled, e.g. • by the variation of the 

overall oxidation state of the transition metal B and oxygen stoichiometry or by the size of 
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microdomains. Reversibility of the redox processes and high velocity 9f the oxygen ion 

transport provide the fast exchange between the bulk and surface of the catalyst. 

Above mentioned peculiarities of microdomain textured (MDT) perovskites make them 

attractive in terms of complete or selective oxidation of hydrocarbons. Determination of the, 

essential factors which define MDT perovskites catalytic activity in respect to these catalytic 

reactions represents the subject of this research. 

In order to achieve the aim the CaFeO3-d perovskites m which Ca ions were partially 

substituted by strontium have been synthesized. It was expected that partial substitution of A 

cations in CaFeO3_a structure provokes microdomain formation in these phases and increases 

their catalytic activity in respect to methane oxidation. 

Ca1.xSrxFeO2.5 samples were prepared by standard solid state techniques. Stoichiometric 

amounts of CaCO3, SrCO3 and Fe2O3 (analytical grade) were ground and calcined in air at 

900°C for 12 hours. The samples were reground, pelletized, then heated in air at temperatures 

of 1200°C (24 h), 1000°C (12 h) and quenched thereafter in liquid N2• 

Oxygen stoichiometry was determined by iodometry [17]. Powder X-ray diffraction data were 

measured with a Siemens D 5000 diffractometer using Cu Ka radiation. Electrochemical 

experiments were performed at room temperature in galvanostatic mode (three electrode cell, 

lM KOH electrolyte) with working electrodes of polycrystalline material pressed into Pt grids 

along with 1 % wt of Teflon and 15-20% wt of acetylene black. The Mossbauer spectroscopy 

measurements were carried out by conventional constant acceleration technique at room 

temperature. Electron diffraction and microscopy studies have been performed on a JEM-1 00CX 

(accelerating voltage 100 kV, point resolution 4.5 A). Bright (BF) and dark (DF) field image 

regimes were used, as well as selected area electron diffraction (SAED). 

In the frame of this work samples with following compositions Ca1-xSrxFeO2.s (x=O. l, 0.15, 

0.2, 0.25, 0.3, 0.5, 0.7, 0.8, 0.9) have been synthesized. Parent compounds (ABO3_a, d=0.5) 

and products of their oxidation (d=0) are characterized by X-ray aiffraction, Mossbauer 

spectroscopy, thermal and chemical analysis. The real microstructure of synthesized samples 

was studied by electron microscopy. The reactivity of the samples towards electrochemical 

oxidation in aqueous electrolyte at room temperature was studied by chronopotentiometry. In 

situ X~ray diffracti_on studies of structural transformations in the course of electrochemical 

oxygen intercalation were carried out. Activity of parent and oxidized samples was tested in . 

methane. oxidation reaction in a flow set-up; the reaction mixture was 1 %CH4 in air with a 

volume velocity }000 h-1. 
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It has been shown that doping of CaFeO2.s by Sr leads to both the formation of solid solutions 

(x<0.2) and their unmixing (0.2<x<0.7) with the formation of CaFeO2.s/SrFeO2.5 

microdomains in the range of tens to hundreds angstroms. Microdomain formation drastically 

increases the reactivity of the samples: electrochemical oxidation of SrFeO2.s as well as 

CaFeO2.5 domains has been achieved at room temperature. According to Mossbauer 

spectroscopy, X-ray diffraction and chemical analysis data in the course of electrochemical 

oxidation at room temperature the formation of CaFeO3 domains with unit cell parameters 

close to the ones of thermally prepared at 1000°C and P02=2GPa takes place. 

Detailed studies of real structure, mechanism and kinetics of low temperature reactivity of 

MDT ferrites have been conducted on Cao.sSro.sFeO2.s sample. It has been shown that the 

crystallites of this perovskite are composed of two types of grains having different calcium to 

strontium cation ratio. In turn, the grains are separated into microdomains sized from 30 to 70 A. 

By means of in situ X-ray studies the mechanism of electrochemical oxidation of MDT 

Cao.5Sr0_5FeO2_5 sample has been investigated. Using the kinetic model developed earlier [15] 

to describe the diffusion of oxygen in microdomain textured matrix the potentiostatic 

relaxation curves of the oxidation of Cao.sSro.sFeO2.s have been analyzed. It is demonstrated 

that the limiting stage is supply of oxygen along the domain walls with the coefficient of 

oxygen diffusion about Do ~5*10·-13 cm2/s. Electrochemical oxidation resulted in the 

formation of Ca1-xSrxFeO3.0 MDT perovskites having considerably faster oxygen transport 

properties: oxygen diffusion coefficient along microdomain walls rises up to two order of 

magnitude. 

Microdomain textured Ca1_xSrxFeO2.5 catalysts show low catalytic activity in methane 

oxidatib1freaction. Temperatures of 50% conversion vary within interval of 620~640°C, Fig: 1. 

Electrochemical oxidation of parent catalysts leads to considerable increase of catalysts 

activity. Temperatures of 50% conversion are shifted to low temperature region and amount 

to 443-485°C. It is obvious that supplemental oxygen introduced into the structure of parent 

catalysts Ca1-xSrxFeO2.s with the formation of Ca1-xSrxFeO3_0 perovskites is active in methane 

oxidation reaction and is stable up to the temperatures of 500-600°C. 

Thus, the change of microdomain composition in the course of elect~ochemical oxidation and . 

the increase of oxygen mobility considerably improve the catalytic activity of the samples. 
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Fig. 1. Temperature dependencies of methane conversion on Ca1.xSrxFeO3-d perovskites: 

1, t' -x=0.7; 2, 2' -x=0.5; 3, 3' -x=0.3. 
Solid symbols - parent catalysts, opened symbols - oxidized catalysts. 
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PRESENCE OF (+)-NEOMENTHYLDIPHENYLPHOSPIDNE 
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Irkutsk Institute of Chemistry, Siberian Division of Russian Academy of Sciences, 

1 Favorsky St., 664033, Irkutsk, Russia. E-mail: bagrat@irioch.irk.ru 

Abstract 

Enantioselective hydrogenation of a-acetamidocinnamic (MCA) and itaconic (IA) acids has 

been studied on rhodium complexes {[Rh(COD)2t no·+ nMDPP}COD = 1,5-cyclooctadiene, 

nMDPP = (1S,2S,5R)-(+)-neomenthyldiphenyl phosphine)] and {[Rh(S,S-DIODMAht 

TfO- + nMDPP} [(S,S)-DIODMA = 4S,5S-(+)-N4,N4 ,N5,N5,2,2-hexamethyl-1,3-dioxolane-

4,5-dimethaneamine]. Addition of nMDPP decreases the activity of the catalyst increases the 

optical yield with retention of the direction of stereoselection. Optical yields for hydrogenation 

on {[Rh(S,S-DIODMA)2t TfU + nMDPP}exceed those obtained on the diamine complex in the 

presence of Ph3P as well as those obtained on {[Rh(CODht Tfo· + nMDPP}. The result 

of combined action of two ligands may be considered as manifestation of 'matched' 

effect. Transformations of complexes have been studied by the use of 1H and 31 P NMR 

spectroscopy. At least three complexes exist in the catalytic system, namely, diamine 

complex [Rh(S,S-DIODMA)2t TfO-, solvate complex [(nMDPP)2Rh(solvht Tfo· and 

diamine-phosphine complex [(nMDPP)2Rh(S,S-DIODMA)t TfO-. 

Introduction 

Term 'double stereoselection' denotes symbate or antibate action of two chiral species in 
. ; ',, 

enantioselective reactions. The two chiral species may be a chiral · ligand and a substrate ·. 

possessing chiral center, or two different chiral ligands. Combination of chiral species resulting in 

a higher or lower enantioselectivity is designated as 'matched' or 'mismatched', respectively. 

Recently we have studied enantioselective hydrogenation of a-acetamitlocinnamic (AACA) and 

itaconic (IA) acids on rhodium complex [Rh(S,S-DIODMA)2t Tro· 1, where (S,S)-DIODMA 

is 4S,5S-( + )-N4 .N4 .N5 ,N5,2,2-hexamethyl-1,3-dioxolane-4,5-dim~thaneamine [1]. Complex 1 
. . 

is formed by replacement of both cyclooctadiene (COD) ligands from complex [Rh(COD)ztTfO-

by two molecules of DIODMA. The reached optical yields are moderate (<30%), which is not 
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only due to the nature of the ligand but, probably, also because of reduction of rhodium(+ 1) to 

rhodium metal. To prevent this reduction, we introduced an equivalent amount of · 

triphenylphosphine (PPh3/Rh = 1) into the catalytic system, that led to a decrease of chemical 

yields but increased optical yields. Effect of an achiral P-ligand may consist in stabilization of 

the diamine rhodium complex during the process of hydrogenation due to formation of a new 

complex possessing both ligands in the coordination sphere of the metal. Besides, we cannot 

rule out steric hindrances in the coordination sphere of rhodium arising from its coordination 

with Ph3P. This must give rise to more rigid selection of the re or si side of the C = C double 

bond during formation of the substrate rhodium complex, that is, to an increase of free energy 

difference of the two diastereomeric rhodium olefin complexes. 

F~rmation of the phosphine-diamine rhodium complex [(Ph3P)2Rh(DIODMA)t no- 2 by the 

reaction of complex [Rh(COD)2t TfD- with molecular hydrogen in the presence of two moles 

of triphenylphosphine was corroborated by 1H and 31 P NMR studies [1]. 

Hydrogenation of prochiral substrates on rhodium complexes 

Here we report on the results of enantioselective hydrogenation of AACA and IA on rhodium complex 

[Rh(COD)it Tf(r in the presence of chiral phosphine 3, (1S,2S,5R)-(+)-neomenthyldiphenyl 

phosphine (nMDPP) and on rhodium diarnine complex 1 also in the presence of nMDPP. 

3 (nMDPP) 

Phosphine 3 was used by Morrison et al. in hydrogenation of prochiral acids, like atropic, 

E-a-methyl cinnamic and E-P-methylcinnamic acids on the in situ formed rhodium complex 

Rh[(+)nMDPPhCl _[2,3]. The optical yields reached 28% for (S)-2-phenylpropionic acid, 60% for 

(R)-2-methyl-3-phenylpropionic acid, and 61 % for (S)-3-phenylbutanoic acid. Later on, 

Valentine et al. [4] succeeded in hydrogenation of 3,7-dimethyl-2, 6-octadienoic (geranic) 

acid to optically active (R)-3,7-dimethyl-6-octenoic (citronellic) acid under mild conditions on 

the dimeric complex [Rh(COD)Cl]i and (+)-nMDPP in the presence of MeONa in 65-70% 

optical yield after 3 days. Less than moderate activity of the catalyst was observed for 

hydrogenation of a-(acetylamino)-6-methylindol-3-acrylic acid: the conversion after 7 days in 

the presence oftriethylamine and with ratio substrate:Rh = 100 was as low as 29%. 

Neither optical yield nor configuration was determined. 
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Table 2. Hydrogenation ofIA and AACA on complex (I) in the presence of nMDPP (GJ!6:MeOH = 
3:7; CRh == 2 mmol/L, 5-24 h) , 

Entry nMDPP:Rh Ptt2, atm t, °C Substrate Chemical Optical yield, % 

(substrate:Rh) yield,% 

1 1 1 20 IA {25) 34.6 62.2 (R) 

2 1.2 1 60 IA(25) 100.0 48.3 (R) 

3 1.9 1 20 IA (25) 8.3 74.l(R) 

4 2 1 60 IA (25) 21.2 65.3 (R) 

5 1 1 60 AACA (50) 7.0* 

6 1 20 . 20 AACA(50) 25.0 32.7 (S) 

'7 - 35 20 AACA (40) 100 20.3 (S) I 

* - catalysate contained 73% of AACA and 20% of its methyl ester. 

Indeed, as can be seen, addition of nMDPP to complex 1 gives rise to a decrease of activity of 

the catalyst and an increase of optical yield (up to 62-74% for IA) with retention of the direction 

of stereoselection. These optical yields exceed those obtained on complex 1 in the presence of 

achiral phosphine Ph3P [1] as well as those obtained on rhodium complex with nMDPP (Table 1). 

This is true both for mild conditions and hydrogenation under high pressure of hydrogen. 

Consequently, we do observe a consistent action of the two chiral ligands in the coordination 

sphere, which may be considered as manifestation of 'matched' effect. 

Transformations of rhodium(+ 1) complexes in the catalytic system 

In spite of good results obtained for hydrogenation on rhodium complexes with nMDPP 

(2-4] their spectral characteristics were not studied. We made an attempt to fill in this gap 

by the use of 1H and 31 P NMR spectroscopy. Addition of two equivalents of 3 to brick-red 

solution of complex [Rh(COD)2t Tftr in acetone-d6 changes the color to yellow-orange. 

Along with the singlet at-14.1 ppm belonging to 3, a doublet at 26.42 ppm with 1JP-Rh 141.3 Hz 

appears in the 31P NMR spectrum, and signals of free COD (5.50 and 2.32 ppm) appear in the 

proton spectrum. This testifies coordination of 3 to rhodium and formation of complex 4 

(see the Scheme below). 

Addition of one equivalent of (S, S)-DIODMA with respect to rhodium results in changing the 

ratio of the signals of the coordinated and free nMDPP in favor of the latter. Simultaneous 

downfield shift of the signals of DIODMA (63CH 0.14, 60cHA 0.22, 60cHa 0.27, 60cH3N 0.20, 

60cH3c 0.03) gives an indication of its coordination to rhodium with formation of complex 5. On 
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the contrary, on addition of phosphine 3 to complex 1 no signals of free DIODMA are observed, 

so nMDPP is unable to replace diamine from the rhodium coordination spherb. 

Further treatment of complex 5 with molecular hydrogen during 20 min gives rise to 

disappearance of complex 4 and appearance of two new doublets in the 31P NMR spectrum at 

55.15 ppm (1JP.Rh 204.2 Hz) (complex 6) and 78.45 ppm ('JP.Rh 190.4 Hz) (complex 7) of 

similar intensity. Signals of DIODMA suffer further downfield shift in the 1H NMR spectrum 

and approach the values characteristic of the ligand in complex 1. Chemical shifts of 

DIODMA and COD in various complexes are given in Table 3. 

T bl 3 Ch . l h'ti f DIODMA d COD. hoer ( 1) a e . enuca s I ts o an mr mm+ comp exes 
Complex CH CHA in CH2 CHe in CH2 N-CH3 C-CH3 

DIODMA 
(S,S)-DIODMA 3.80 2.52 2.37 2.21 1.29 

Complex 1 4.06 2.97 2.89 2.61 1.36 
4 + (S,S)-DIODMA (complex 5) 3.94 2.74 2.63 2.41 1.32 

4 + (S,S)DIODMA + H2 4.05 2.94 2.86 2.60 1.35 
Rh(DIODMA)(IAt TfO" (comolex 8) 4.21 3.37 3.02 2.79 1.38 

COD 
Rh(COD)i + TfO- 4.15 2.50 1.77 

Rh(COD)(PPh3)/ TfO- 4.70 2.58 2.28 
Complex 4 5.12 br 2.50m 2.50m 

4 + (S,S)-DIODMA (complex 5) 4.18 br * * 
* overlapped with signals of DIODMA. 

Based on the literature data we assign complexes 6 and 7 the structure of the solvate and diamine 

complexes [Rh(solv)2{ (+)nMDPPht OTf (6) [5] and [Rh(DIODMA){ (+)nMDPPht OTf (7) [6]. 

Thus, the results of NMR monitoring of the catalytic system allow us to conclude that: 

1. Ligand 3 does not replace DIODMA in complex 1, whereas substrate (IA) replaces one 

molecule of DIODMA to form olefin-diamine rhodium complex 8 [1]. 

2. Complex 4 reacts with DIODMA to afford the diamino-diene rhodium complex 5 which after 

treatment with molecular hydrogen liberates cyclooctane and is transformed to complex 1. 

3. Complex 4 after treatment with molecular hydrogen also affords cyclooctane and 

complexes 6 and 7 possessing chiral phosphine 3. 

With all this taken into account the following tentative scheme can be suggested: 
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+ (N'-..... + /N) 
'-N_.,-Rl£......N 

Therefore, at least three complexes possessing chiral ligands in different combinations are 

formed in the catalytic system during hydrogenation, the concentration of complexes 1, 6, and · 
. . . 

7 depending on the reaction conditions. Complex 1 with two bidentate diamine ligands reacts 

with IA to afford rather stable complex 8 which then slowly '.reacts with hydrogen [l]. 

According to Brown et al. [5], cationic complexes [(PR1R2R3)2Rh(Nl3D)tBF4-, where NBD 

stands for bicyclo-[2,2, 1 ]-heptadiene form two types of complexes when treated with 

molecular hydrogen: bis-solvate rhodium rhodium(+l) complexes like 6 and dihydrido-bis­

phosphine rhodium(+3) complexes with trans arrangement of the phosphine ligands, their 
. . . "" 

ratio being very sensitive to the nature of a tertiary phosphine. In the present study we failed 

to detect the dihydride complex, apparently, due to its low stability at room temperature. 

Apparently, it is complex 7 and its precursor, complex 6, which are responsible for consistent 

action of chiral ligands in the catalytic system. 

Catalytic hydrogenation is known to proceed via formation of an octahedral dihydrido­

olefinic rhodium (+3) complex [7]: This requires six coordination sites for bidentate molecule 

of diamine, two hydrogen atoms, and a substrate (IA or AACA) coordinated to rhodium atom 

in bidentate mode. Hence, there is no free place for an additional ligand (in our case nMDPP). 

However, the results given in Table 2 unequivocally point to participation of phosphine 3 in 

the catalytic cycle, which is especially 5listinct for hydrogenation of IA where 3:_ddi_tion of two 

equivalents of phosphine 3 ( cf. entries 1 vs. 3, and 2 vs. 4) gives rise · to a sharp decrease of 

activity of the catalyst. Probably, coordination of chiral phosphine 3 is accompanied by 

monodentate coordination of the bidentate N,N-ligand to transition metal in the stage 

responsible for stereodifferentiation. 
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Aqueous effluents from some industries such as chemical, petrochemical, pharmaceutical etc. 

contain toxic organic pollutants in concentration too high to be treated through biological 

oxidation. Catalytic wet oxidation (CWO) employing oxygen (CW AO), ozone or hydrogen 

peroxide appears to be more effective and more economical, because it allows to reduce 

significantly the temperature and pressure [1]. 

Homogeneous catalysts such as transition metal's cations and complexes (Fe and Cu are 

usually used) are very effective catalysts in processes of CWAO and CWPO (2,3]. However 

the heterogeneous catalysts allow to avoid the processes of the catalyst regeneration. There 

are two groups of the heterogeneous catalysts. The first group consists of oxides and mixed 

oxides of transition metals (usually Cu, Fe, Mn, Co) or oxides supported on oxide carriers [3,4]. 

These catalysts are sufficiently effective, but they have essential imperfection. Active 

component can be leached under reaction conditions. Second group is noble metals supported 

either oxides or carbon [4]. In contract from oxide catalysts, these catalyst are usually stable, 

but much more expensive. 

In our study we are comparing activity and stability of wide range of oxide catalysts and graphite 

like catalyst Sibunit in model reaction of phenol oxidation with the hydrogen peroxide. 

We have tested following catalysts Cu, Fe and Mn-oxides supported on such stable carriers as 

a-Al2O3, .1)02 H CeO2, mixed oxide MnO2/CeO2 prepared via co-precipitation and porous 

graphite-like carbon sibunit. 

The phenol . oxidation was carried out in a batch reactor with a reflux condenser at 

atmospheric pressure and a temperature 368 K. Concentration of phenol and hydrogen 

peroxide was 0.01 mol/1 and 0.1 mol/1, respectively. 

Concentrations of phenol and some products of its oxidation were detected by HPLC. Concentration 

of hydrogen peroxide was determined by UV-Vis spectroscopy via reaction with Ti. 

Metals leaches were detected with atomic absorptive analyzer. 

Conversion of phenol and hydrogen peroxide after 30 minutes and 3 hours of reaction and 

TOC abatement after 3 hour are shown in the Table. The same Table presents amounts of 

active metals found in solution after reaction and pH of the solution. 

Blank experiment (No.I) showed that phenol can be oxidized with hydrogen peroxide at 368 K 

without catalysts, but conversion after 3 hours was only 44% and TOC abatement 12%. The 

solution after reaction has dark brown color. 
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Table 1. Catalytic behavior of the different catalysts in the.phenol oxidatioilby hydrogen peroxide 

No Catalyst Phenol conversion, HA conversion,% TOC Active metal Final 
% abate- leaching,% pH 

3 hours 
ment, % 

0.5hour 3 hours 0.5 hour 3 hours 

1 none 5 44 15 33 12 3.7 
2 2%Fe/CeO2 0 0 100 100 0 . 0.3 4.0 
3 2%Fe/n-AJiO3 46 100 15 100 26 21 2.9 
4 1 %Cu/a-Al2O3 100 100 100 100 48 65 3.0 
5 1%Cu/TiO2 100 100 100 100 39 80 3.0 
6;, 1%Cu/CeO2 5 6 100 100 0 27 4.0 
7 2%Mn/n-AhO3 41 81 31 59 14 60 3.5 
8 2%Mn/CeO2 0 0 100 100 0 39 5.1 
9 MnOz/Ce02 14 35 100 100 41 6.2 . 5.5 
10 Sibunit 50 86 21 76 50 2.7 

The catalysts containing eerie dioxide (Nos. 2, 6, 8, 9) and manganese dioxide (Nos. 8, 9) 

(except of the 2%Mn/a-AhO3) were found to be very active in hydrogen peroxide 

decomposition but inactive in phenol oxidation. Cu-containing catalysts (Nos. 4-6) and 

2%Mn/a-AlzO3 (No. 7) are extremely unstable under reaction conditions. The most part of 

cupper and manganese leaches into solution, and, it seems to act like a homogeneous catalyst. 

The sample 2%Fe/a-A}zO3 ·(No. 3) was found to be the most stable under reaction conditions 

and· sufficiently active in phenol oxidation. Moreover, it was much more stable at the second 

use. (Only4% of iron was leached and 90% of phenol was oxidized.) 

However the most interesting result is the graphite-like carbon Sibunit turn out to be very 

active in phenol oxidation. The conversion of phenol was 86% and TOC abatement was 40%. 

The contents of iron did not exceed 0.02 weight %. 

Hydroquinone and pyrocatechol were found to be the intermediate products in all cases. However, 

the final solution was colored in deep brown without · a catalyst. That could be explained as 

fonnation of polymeric products from hydroquinone and pyrocatahol. More complete oxidation 

occurs when the Sibunit is used as a catalyst. The solutions have not a color in this case. 
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Introduction 

Last years works on the synthesis of catalysts with substantially improved or new unique 

properties by the use of plasma techniques have been intensively carried out. Although most 

of the papers are devoted.to the preparation of bulk catalysts, some efforts are undertaken to 

manufacture supported catalysts for different applications, i.e. selective hydrogenation, 

combustion processes, etc. 

This paper focuses on the development of supported catalysts by the use of plasma 

spraying technique. Direct current plasma torch [l] with interelectrode insert and diffusive 

attachment of arc on anode surface was . used for synthesis of Mn-containing catalysts 

supported on alumina as well as alumina coatings on metal surfaces of different geometry 

(plates, foams) with subsequent deposition of combustion catalysts. 

Experimental 

Powders of pure y-alumina or y-alumina impregnated by Mn(N03)2 were injected into the 

plasma jet outflow and quenched in water. Influence of powder size (90-1000 µm), regime of 

plasma jet outflow (laminar or turbulent) and Mn content (5 wt.% or 17 wt.%) on the properties of 

catalysts synthesized in a plasma jet outflow (plasma catalysts) was studied. Reference catalysts 

having identical chemical composition were prepared using standard conventional route, i.e. the 

calcination of y-alumina impregnated by Mn(N03)2 at 550°C for 4 hours. 

Alumina powders differing in phase composition and particle 'Size (a.-A}i03 20-80 and 

y-Ah03 90-500 µm) were used to spray an intermediate (gradient) layer on titanium plates 

• Corresponding author. Tel.:+7-3832-397357; fax: +7-3832-397352; E-mailaddress: pod@catalysis.nsk.su 
(0. Yu.Podyacheva) 
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and Ni, Ni-Cr foam materials under laminar, transient and turbulent regimes of the plasma jet 

outflow [2]. Various combustion catalysts (LaCo03, Pt, Pd, LaMnAl11019) were deposited on 

Ni-Cr foams covered by plasma sprayed a-alumina layer by means of impregnation or 

suspension techniques [3,4]. 

Phase composition of the catalysts was studied by XRD analysis, specific surface area of 

the samples was measured by BET method, pore volume of the sprayed layers was calculated 

using water capacity technique. The morphology of the catalysts was studied by SEM. Active 

component distribution in alumina was defined by X..:ray microprobe analysis, whereas 

catalyst surface was examined by XPS. Catalysts were tested in methane oxidation reaction in 

a flow set-up; the reaction mixture was 1 % Cl¼ in air with a space velocity 1000 h-1. 

Results 

y-A/201 

Study of the influence of the regimes of jet outflow on the properties of alumina powders 

treated in plasma and quenched in water has been performed. The results for y-Ali03 powder 

are presented in Table 1. 

Table 1. Properties of y-AliO3 after plasma treatment and quenching in water. 

Particle size, Flow rate Regime Specific surface area, Phase composition Ia/I/ · 
-1 m2g-1 µm gs 

90-200 0.5 laminar 2.2 a-AhO3, 30 

y-AhO3 
90-200 1.0 transient 22 a-A}zO3, 13 

y-AhO3 
200-300 0.5 laminar 19 a-AhO3, 25 

y-A}iO3 
200-300 1.0 transient 76 a-Al2O3, 11 

y-A}iO3 
300-400 0.5 laminar 67 a-A}iO3, 8 

y-AhO3 
300-400 1.0 transient 104 a-AhO3, 6 

y-AhO3 
400-500 0.5 laminar 119 a-A}iO3, 

y-AhO3 
• Ia/4- ratio of intensities ofline dln=2 .085 (a-Ali03) and dln=l.990 (y-Ah03) 

A comparison of cross section views of initial and plasma treated particles of y-Ah03 

showed that in the latter case the pellet consists of a core and a shell (Fig. 1 ). Densities of 

these two basic areas are different. Analysis of scanning electron micrograph and XRD data 
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(Table 1) allows the assumption that the particle core consists of y-AbO3 phase, while the 

particle shell is formed by a-Alz03. It seems that the use of large particles for spraying and 

high quenching velocities lead to the formation of a cold core and a hot melted shell. 

Fig. l. Micrographs of a cross-section view of ( a) initial and (b) plasma-treated y-A]z03 particles. 

M11-y-Al203 

XRD analysis showed the presence of f3-Mn2O3 and y-AhO3 phases in all Mn-containing 

reference catalysts, independent on the content of Mn and particle size of the samples. Phase 

composition of the plasma catalysts is more complicated. It depends on the Mn content, 

particle size as well as the regime of plasma jet outflow. The Mn-containing phases are 

registered in plasma catalysts with particle size equal to 100-200 µm. It was found that Mn is 

present in solid solutions of Mn-Al-O composition based on spine} structure and having 

different cell sizes (a=7.940-8.242 A). 

X-ray microprobe analysis revealed that the active component in reference catalysts is 

uniformly distributed inside the particle, Fig. 2A. Discrepancy between KaMn and KaAI 

profiles is observed. This fact correlates with XRD data showing the formation of crystalline 

P-Mn2O3 phase in reference catalysts. Analysis ofKaMn and KaAl profiles of plasma catalyst 

allows us to conclude that Mn is transferred to the catalyst surface, Fig. 2B. XPS confirmed 

that Mn concentration on the surface of the plasma catalyst exceeds the ones of the reference 

catalyst by 50%. The XPS spectra of plasma and reference catalysts present one Ols 

photoline at 531 eV corresponding to the lattice oxygen of alumina.~ Meantime, the chemical 

states of manganese in plasma and reference catalysts are different: binding energy of Mn2p3;2 

photoline of plasma catalysts is 641.6 eV, whereas that ofreference catalysts is 640 eV. 
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Al Al 

Mn 

A I 
Fig. 2. X-ray micropobe spectra (KaMn, KaAI) of cross section of particles of catalyst 17%Mn203'y­

Ah03, 100-200 µm: A - reference catalyst, B - plasma catalyst (laminar regime of plasma jet 
outflow). 

Plasma catalysts demonstrate superior activity in methane oxidation reaction, Fig. 3. 

Temperature of 50% methane conversion for plasma catalyst with the content of active 

component 5 wt.% is lower than the temperature of 50% methane conversion for reference 

catalyst by 90°C, whereas for catalysts with content of active component 17 wt.% by 120°C. 

This fact can be probably explained by increased concentration of manganese on the surface 

of plasma catalyst as well as by formation of active Mn-containing surface phases invisible 

for XRD analysis. 

Thus, plasma technique allows the synthesis of Mn-containing catalysts deposited on y-Ah03 

with substantially improved properties compared with those of reference catalysts prepared via 

conventional route. . ,,,, ~ :· , ; 

Alumina-metal supports 

Experiments on the plasma spraying of alumina of different phase composition and particle 

size on titanium plates have shown that the properti~~ of plasma sprayed layers are quite 

similar and do not depend on the jet outflow regime used (Table 2). 
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Fig. 3. Temperature dependencies of methane conversion (1 %CH4 in air, 1000h"1) on catalysts: 

A - 5%Mn20/y-A}i03 and B - 17%Mn20/y-Alz03 synthesized using I-turbulent or 2-laminar 

regime of jet outflow and 3-conventional route. 

Table 2. Properties of alumina sprayed on titanium plates. 

Particle Type of Flow rate, Regime of Specific Phase Pore 

size, µm alumina gs·' plasma jet surface composition volume, 

sprayed outflow area, m2g"1 cm3g"1 

40 a-Alz03 0.75 Laminar- 0.2 a-Ah03 0.052 

Transient 

40 cx.-Alz03 1.25 Transient 0.2 a-Alz03 0.065 

40 a-Alz03 1.75 Turbulent 0.2 a-Alz03 0.167 

90-200 y-Alz03 0.5 Laminar 
.,. 

0.2 a,0-Alz03 0.068 

90-200 y-Alz03 0.75 Laminar- 0.4 a,0-Ah03 0.075 

Transient 

90-200 y-Alz03 1.0 Transient 0.6 a,8-Ah03 0.166 

When a-AhO3 is sprayed on titanium plates, the coatings are characterized by a low 

specific surface area and their pore volume increases when the spraying regime is changed 

from a laminar to a turbulent one. It has been established that the dependence of the regime on 

the coating properties is the same when y-AhO3 is sprayed. Moreover, in the latter case the 

· spraying regime influences the quantitative proportions of a-AhO3 ·and 0-AhO3 phases of the 

coatings and their specific surface area. The maximum porosity and minimum a-AhO3 phase 

content were found when a transient jet outflow regime was used. 
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Fig. 4. Micrograph of cross section view of A}zO3 plasma sprayed on metal surface. 

The formation of dense layers when y-A}z03 was sprayed on titanium plates was shown by 

scanning electron microscopy (Fig. 4). It is obvious that the contact between alumina and the 

metal surface is rather strong and uniform. The sprayed layer has a complicated structure 

consisting of dense areas and macropores of different forms and sizes. 

·_ .. -· _ ... ... . - . 

. 
- -. ': ... ·-.• 

'! _, .. 
'·-· ~ ·- .• 

Fig. 5. Plasma sprayed samples of different surface geometry. 

Taking into account that phase composition and BET area of plasma sprayed alumina do not 

depend significantly on the properties of alumina powders used for spraying, a-alumina with 

particle size 40 µm was sprayed on metal supports of different geometry, Fig. 5. 

Combustion catalysts on metal foams 

It was shown in [3] that the genesis of an active component in the combustion catalyst 

1s not affected by the presence of the plasma sprayed a-alumina on the metal foam. 

Meanwhile, the experiments on thermal cycling have revealed that the presence of the plasma 

sprayed alumina layer on the metal surface allows to improve the adhesive properties of the active 
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layer (Fig. 6). It was found that in the catalyst prepared by a pure chemical method the substantial 

destruction of the active layer continuously proceeds during each of 10 thermocycles performed, 

whereas in the catalyst with the plasma sprayed alumina the loss of the active layer is 

observed only after the first thermocycle. 

1,0------------------, 

2 
-•-•-•-•-•-•-•-•-• 

0,9 

'$. 
0,8 

~ 

. ....____ 

1 ". 

----■ --■ --·-· ---·--■-■ 

0,7 

0,6+-~-~-.-~-~~-~-.---.-~--1 
0 2 4 6 8 . 10 

Number ofthermocycles 

Fig. 6. Dependence of the catalyst weight loss on number of thermocycles, X(% )==mJillo (Illo-initial weight, 
m,.-weight after n thermocycles ): l-LaCo03'La-y-AhO:i/Ni-Cr foam; 
2-LaCoO:JI,a-y-AlzO:Ja-AhO:JNi-Cr, plasma sprayed a-Ah03 layer. 

Different types of combustion catalysts were synthesized on Ni-Cr foam supports covered by 

dense a-alumina gradient layer using plasma spraying technique. Comparative analysis of the 

initial activity of metal foamed catalysts calcined at 1000°C and having different types of active 

components allowed finding the best compositions for methane combustion at high temperatures: 

Pd/CeO2-y-A}iO3>LaMnAl11O19'La-AhO3~Pd-LaCo03 > LaCoOyLa-y-A}iO3. Thermal stability 

of these catalysts was studied during long time catalyst operation at the following conditions: 

8.6% C~ in air, GHSV=lO0OO h-1, T=l000°C. The activity of catalysts was measured after 3, 

6, 10, 20 and 50 hours of operation. The catalysts tested for 50 hours can be arranged into the 

following sequence according to their activity: LaMnAlnO1~a-A}iO3 > Pd/CeO2-Y-AhO3 >> 

Pd-LaCoO3 > LaCoO3'La-y-A}iO3. 

Thus, gradient alumina layer sprayed on the surface of a metal support successfully serves 

as a washcoat on which active component can be deposited and improves thermal stability of 

the catalysts. 

HEX reactors 

A catalytic heat-exchanging (HEX) tubular reactor for combining exothermic 

combustion and endothermic methane steam reforming has been developed [3,4]. The 
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methane combustion and steam reforming catalysts were synthesized on the heat-conducting 

metal foam support materials by application of preliminary plasma spraying in order to · 

increase adhesive properties of the active layer. The HEX reactor with perovskite or Pt 

supported catalyst on Ni-Cr foam material on the external surface of the HEX tube and with 

Ni containing reforming catalyst on the internal Ni foam was successfully tested in methane 

combustion reaction combined with methane steam reforming, Fig. 7. 

1400 ...-----------.-------,--------, 

T/K 
1200,---------r------:::::::=1===::::-::----------i =~: 

• Steam reforming zone /4~ COCH x.,H V 
800 +---o•c..,,1/'---/-----+-------+----1 % • % • h·'•10·• 

... -■- 27.5 75 6.0 
-o- 38.5 63.5 7.1 

6QO-+-----------l--C~H,,._+_Ai~·r~--+--__.. _ ____. __ 4_7._8_34--,--8-.3~ 

400+-----,--------;----.-----+-------.-----i 
0 50 100 150 

z/mm 

Fig. 7. Temperature profile in the combustion catalyst bed. Combustion of methane-hydrogen mixture 

with simultaneous steam reforming in heat-exchanging reactor. 

Conclusions 

Some prospects of application of plasma spraying technique for the synthesis of supported 

catalysts are demonstrated. Plasma spraying technique successfully allows to synthesise the 

supported catalysts with enhanced catalytic activity properties and to improve the 

performance characteristics of combustion catalysts on metal supports during long term 

operation at high temperatures. 
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The catalytic dehydratation of aromatic alcohols is the main mode to produce 

unsaturated hydrocarbons, including styrene. In present time there is no common opinion on 

the mechanism of dehydratation of aromatic alcohols on the surface of solid catalyst, in spite 

of the fact that reaction is known for more than 100 years. The aim of this work is 

investigation of influence of structural and acid-base properties of the surface of aluminum 

oxide on the selectivity and activity in reaction of dehydratation of cx-phenylethanol. 

The results of investigation of the structure and catalytic activity for a number of 

standards of y-Al203, obtained by traditional aluminately-nitrating and electrochemical modes 

are presented. The influence of structural characteristics of aluminum oxide, such as specific 

surface area, pore volume, pore size distribution, on degree of conversion and selectivity in 

reaction of dehydratation of cx-phenylethanol is revealed. It has been shown, that dependence 

of the degree of conversion of a-phenylethanol on pore size of catalyst has the extreme 

character. The catalyst, having the maximum of pore size distribution in the region of 150-165 A, 
is optimal for process. 

The influence of strength and number of acid-base centers on the surface of the catalyst 

on its selectivity to styrene and degree of conversion of cx-phenylethanol is considered. 

Genesis of porous structure and acid-base centers of catalysts surf ace in the course of 

process of dehydratation is studied. 

The possibility of modification of catalyst surface and of increase the efficiency of 

dehydratation process by means of hydrothermal, thermal and electrochemical treatments is 

shown. 
., 

On the basis of carried out investigations it has been concluded that porous structure and 

acid-base properties of y-Al203 determine its catalytic activity and duration of 

nonregenerative period of work of catalyst. 

*The work was carried out at the financial supporter of Russian Foundation for Basic Research 

(project N2 01-03-32857). 
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PROMOTED IRON CATALYSTS OF LOW-TEMPERATURE METHANE 

DECOMPOSITION 
{ 

T.V. Reshetenko, L.B. Avdeeva, Z.R. Ismagilov, 
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Abstract 

Iron-containing catalysts promoted by nickel or cobalt were tested in methane 

decomposition reaction at low temperature (600-650°C) and pressure 1 bar in order to study their 

catalytic properties and to produce catalytic filamentous carbon (CFC). Catalyst preparation method 

and composition of the catalysts were found to influence their properties. It was found, that 

introduction of cobalt or nickel in small amount (3-10 wt.%) results in the magnification of carbon 

yields 2-3 ,times in comparison with Fe-A}zO3. Investigations of Fe-Co-AJiO3 and Fe-Ni-A}iO3 

catalysts genesis were performed by Mossbauer spectroscopy, XRD, TEM. It is established 

that Co or Ni additives render activating influence on Fe catalysts which become apparent in 

decrease of the methane decomposition temperature and the formation of multiwall carbon 

nanotubes (MWNTs). 

1. Introduction 

The increase of CO2 concentration (a major greenhouse effect gas) in the atmosphere 

due to the use of fossil fuels such as petroleum, natural gas and coal leads to change in the 

planet's climate, so we have to develop a new energy production systems which decrease the ' 

CO2 emission. From this point of view H2 is a clean fuel that emits no CO2 when it is burned 

or used in H2-O2 fuel cells. At present, many catalysts of methane transformation have been 

widely investigated because of their importance in the utilization of natural gas and 

production of H2 [1]. Numerous studies of Ni, Fe, Co catalysts in steam reforming, 

hydrocarbon decomposition have shown that formation of filamentous carbon with graphitic 

structure - catalytic filamentous carbon (CFC) occurred (2-13]. Realistic way to produce 

hydrogen considers decomposition of methane, the main component of natural gas, into 

carbon and hydrogen without CO2 emission. The hydrogen is used as a clean energy (or a fuel 

for fuel-cells) and the carbon should be used for synthesis of useful chemicals through synthesis-
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gas production by water gas reaction. The carbon can be also used as the functional material such 

as composites, electrodes, catalyst supports, adsorbents and etc. 

It was shown, that Ni and Co catalysts exhibit essential efficiency in CFC 

accumulation and methane conversion is close to equilibrium at temperatures 500-550°C. We 

found that a large amounts of filamentous carbon can be produced using coprecipitated 

catalysts: the 90 wt.% Ni-AhO3 yields 110 g/gNi, 75 wt.% Co-AlzO3-60 g/gc0 • The CFC is 

usually formed as the granules of chaotically interlaced filaments or fibers. One carbon 

filament grows from one catalytic particle, the latter being located on its top. Carbon filament 

consists from graphitic planes which are coaxially arranged as cones. Average diameter of the 

carbon filament for Ni-based CFC is 50 nm, for Co-based - 20 nm. The nature of catalyst 

influences the microstructure of filament, that becomes apparent in the. angle between 

graphitic planes and the filament axis, which varies from 45° for Ni catalyst [IO] to 15° for Co 

catalyst [11]. The copper addition into Ni catalyst changes the crystallographic orientation of 

the catalyst particles and as a consequence changes microstructural and texturalproperties of 

formed CFC. As a result, the thermal stability and carbon capacity (which can reach 700 g/gNi) of 

Ni-Cu increase [12]. Earlier the methane decomposition over iron-contained catalysts was 

investigated at temperatures above 800°C with the purpose of deriving hydrogen [14] or 

carbon fibers [15]. However the developed iron catalysts were soon deactivated. Recently it 

was shown that CFCs were formed at methane decomposition over 85 wt.% Fe-SiO2 catalyst 

at temperature not lower than 680°C [16]. It has been established that Co additives render 

activating influence on Fe catalysts which become apparent in decrease of the methane 

decomposition temperature and the formation of multiwall carbon nanotubes (MWNTs) [ 17, 18]. 

The main purpose of the given work is development of the long-living promoted by Ni 

and Co iron-containing catalysts of methane decomposition and carbon accumulation at low 

temperatures. In this paper we investigate the activity of coprecipitated Fe-AlzO3, Fe-Ni-AhO3 

and Fe-Co-AhO3 catalysts, as well as the structure and texture of the formed CFC. 

2. Experimental part 

Fe-AlzO3, Fe-Ni-AhO3 and Fe-Co-AlzO3 catalysts were prep~ed by a coprecipitation 

method from a solution of metal nitrates using different precipitants. The coprecipitated 

samples were carefully washed with distilled water, dried at 110°C, and calcined in a flow of 

air at 450°C for 3 hours. The catalysts were reduced in a flow of pure hydrogen at 580°C for 5 

hours, then the samples were in situ passivated in ethanol and dried at room temperature. 
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Catalytic activity of the reduced samples was measured in a vibrating flow quartz 

reactor 30 cm3 in volume. Methane was supplied at a rate of 45 1/~arh. Concentration of 

methane was measured by gas chromatography, and methane conversion was calculated. To 

determine the amount of carbon deposited, sample was weighted after the reaction, which was 

performed until complete catalyst deactivation. 

The samples of catalysts and CFC · were investigated by TEM, Mossbauer 

spectroscopy, XRD and adsorption methods. The·XRD studies were performed in a Siemens 

URD-63 diffractometer using CuKa radiation and a graphite crystal monochromator. 

Crystallite sizes were calculated from the line width of diffraction peaks (110) for a-Fe, (440) 

for Fe-Co-Al spine! and (002) for graphite following the Scherrer equation. Mossbauer 

spectra were obtained by using constant-acceleration NZ-640 (Hungary) spectrometer with a 
' . . . 

57Co in Rh source. Isomer shifts were reported relative to a-Fe at room temperature. TEM and 

HRTEM pictures were obtained with JEM-l00CX and JEM-2010 microscopes respectively. 
. . ~ . . . 

The adsorption measurements were carried out using an ASAP-2400 apparatus to provide 

adsorption of N2 at 77 K. 

3. Results and discussion 

In order to compare the carbon f~mi~tion efficiency of prepared catalysts, we use the 

following parameters of the metlume decotnposition reaction: methane conversion, carbon 

accumulation until complete deactivation of the catalysts (the so called carbon capacity G, 

calculated as gram of carbon per gram of a catalyst)and lifetime of the catalysts. 

3.1. Effect of catalyst preparation method 

· Earlier we have shown, that for high-loading catalysts the method of coprecipitation from 

aqueous solution of the salts is more ·favorable. Moreover, studying the Ni-AhO3 and Co-AhO3 

systems we have found, that the best catalytic performance was observed with the catalysts 

prepared using sodium hydroxide as a precipitant [10, 11]. In order to study an effect of the 

preparation method for Fe catalysts we vary a precipitant (N&OH, NHJICO3, NaOH, Na2CO3) 

which, in principle, can lead to the different Fe precursors. Data are summarized in Table 1. 
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Table 1. Catalytic properties of Fe-based catalysts for methane decomposition, demonstrating the 

influence of preparation methods (T=625°C, methane space velocity = 45 1/gcat. •h, 
PcH4= I bar, XcH4 - methane conversion during 1 hour). 

Catalysts Precipitant XcH4, % Lifetime, G, g/gcat. Co or Ni, wt. % 
hour chemical anal,rsis 

50wt% Fe-A}zO3 ~OH 4 23 26.5 
50wt% Fe-A}zO3 NaOH 6 6 3.3 
50wt% Fe-AhO3 Na2CO3 4 6 2.3 
90wt% Fe-A}zO3 ~OH 5.2 7 5.5 
85Fe-5Co-A}zO3 NI,4OH 8 16.5 16.0 4.86 
85Fe-5Co-A}zO3 NI-4HCO3 7.7 16 16.0 4.89 
85Fe-5Ni-A}zO3 NI,4OH 10 16.5 13.5 
85Fe-5Ni-Alz03 NI-4HCO3 6 16 12.9 3.66 

85Fe-10Ni-A}zO3 ~OH 10.3 15 17.6 3.03 
85Fe- l 0Ni-A}zO3 ~HCO3 7 16 14.9 6.63 
85Fe-10Ni-A}zO3 NaOH 10 11 11.9 8.22 
85Fe-l 0Ni-A}zO3 Na2CO3 8 9 7.2 5.82 

In contrast to Ni and Co catalysts, from Table 1 one can see that the greatest carbon 

capacity of Fe-A}zO3 and Fe-Co-A}zO3 catalysts is observed for samples prepared by 

coprecipitation using aqueous solution of ammonia as a precipitant. In case of the Fe-Ni-AhO3 

catalysts ammoniac complexes of nickel are formed at coprecipitation by ~OH that results 

in incomplete precipitation of the components. We concluded that the best method of Fe-Ni­

A}zO3 catalysts preparation is coprecipitation by ~HCO3 solution and our studies were 

realized with catalysts prepared by the appropriate method. 

3.2. Effect of the catalyst composition and temperature 

Since the maximum carbon capacity during methane decomposition was observed for 

catalysts with the high metal loading (90 wt.% Ni and 60-75 wt.% Co), the iron content in 

coprecipitated Fe- A}zO3 catalysts has been varied from 20 to 90 wt.%. The obtained values of 

carbon capacity are plotted in Fig. la as a function of nominal bulk Fe concentration. Data 

show that carbon capacity reaches maximum (20-28 g/~ad on the catalysts with 50-80 wt.% 

Fe. It is known, that Co or Ni additives (5-10 wt. % ) render activating influence on iron 

catalysts [19], therefore we have investigated the influence of Co and Ni on Fe-A}zO3 

catalysts of methane decomposition at 625°C. Table 2 and Fig. lb show that introduction of 

Co or Ni in small amounts (3-10 wt.%) results in the magnification or carbon yields 2-3 times. 
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Fig. la. The relationship between carbon capacity and metal loading in the coprecipitated Fe-AhO3 
catalysts, prepared using NH4OH as precipitant (methane decomposition reaction at 625°C, 
Prn4 = 1 bar, methane space velocity= 45 l/~a1•h). 
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Fig. lb. The relationship between carbon capacity and second metal content in the Fe-Me-10 wt. % 

A}iO3, (Me - Co or Ni) 
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Table 2. Catalytic properties ofFe-conta:ining catalysts in the methane decomposition (T=625°C, methane 

space velocity= 45 ll&at ·h, PCH4= 1 bar). 

Catalysts 

90Fe-AhO3 
85Fe-5Co-AlzO3 

60Fe-30Co-Al2O3 
50Fe-AlzO3 

50Fe-6Co-A}iO3 
85Fe-5Ni-AlzO3 

80Fe-1 0Ni-AlzO3 
20Fe-70Ni-AfiO3 

90Ni-Al203 

Fe:Me:AlzO3, 
wt.% 

90:-:10 
85:5:10 

60:30:10 
50:-:50 
50:6:44 
85:5:10 
80:10:10 
20:70:10 
0:90:10 

Co or Ni, wt. % 
chemical analysis 

4.86 

4.0 
3.66 
6.5 

61.4 

Lifetime, 
hour 

7 
16.5 
15 
23 
40 
16 
16 
4 
4 

XcH4, 
% 
5.2 
7.9 
7.3 
4 
8 
6 
7 

33.9 
34.8 

G, 

g/&;al 
5.5 
16 

12.4 
26.5 
52.4 
12.9 
14.9 
22.3 
23.1 

So, carbon capacity on the catalyst 50Fe6Co-AhO3 achieves 52.4 g.'&:at. An increase of 

nickel amount up to 45 wt.% and above in the series of catalysts leads to the formation of 

catalysts with properties close to the properties of 90 wt.% Ni-AhO3• Apparently, the presence of 

Co or Ni increases the number of the carbon growth centers of the Fe-AhO3 catalyst. The studies of 

temperature dependence of methane decomposition over 85Fe5Co-AhO3 catalyst have shown, that 

carbon capacity reaches its maximum at 625-650°C (Table 3). The methane conversion at 650°C 

reaches~ 13%. Fig. 2 shows methane conversion versus reaction time for the Fe-containing 

catalysts at 625°C. 
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Fig. 2. The global kinetics of methane decomposition on the Fe-AlzO3, Fe-Co-AhO3 and Fe-Ni-AhO3 

. catalysts at 625°C. 
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Table 3. Temperature dependence of catalytic properties of 85Fe-5Co-AlzO3 catalyst (methane space 
velocity= 45 V&,.t ·h, P CIW= 1 bar). 

T, °C Xctt4, % Lifetime, hour G, g/~at. 

550 3.0 13 5.1 

600 5.1 8.5 6.7 

625 8.0 16.5 16 

650 12.9 13 15 

675 10.9 8 13.2 

3. 3. Structure of catalysts 

We performed XRD, Mossbauer spectroscopy and TEM studies of the calcined and 

fresh reduced Fe-Ah03 and Fe-Co-Ah03 catalysts, as well as of samples after their exposition 

to reaction mixture. According to the XRD data calcined samples of Fe-Ah03 and Fe-Co­

Alz03 are X-ray amorphous that testifies to formation of highly dispersed phase. The 

Mossbauer spectrum of the calcined 85Fe-5Co-Ah03 catalyst represents a composition of a 

quadrupole doublet and six-line pattern (Table 4). 

Table 4. Mossbauer parameter for 85Fe-5Co-AhO3 catalyst (Isomer shift - o (mm/s), Quadrupole 
splitting - E (mm/s), Magnetic field- H (T)). 

Sample Spectrum Phase o,mm/s E,mm/s H,T Rel 
area 

85Fe-5Co-AlzO3 Doublet Superpara 0.34±0.01 0.86±0.02 0.92 
calcined in air at mag-netic 

480°C Six-line Fe2O3 0.39±0.03 -0.12±0.02 51.2±0.07 0.08 
pattern Fe2O3 

85Fe-5Co-AlzO3 Six-line Fe-Co 0.01±0.01 0.00±0.02 34.2±0.02 1.00 

reduced in H2 at 580°C pattern 

85Fe-5Co-AlzO3 Six-line Fe-Co -0.01±0.01 0.01±0.01 34.5±0.02 0.77 
after 20 min in C~ pattern Fe3C 0.20±0.03 0.01±0.03 20.6±0.05 0.23 
decomposition at Six-line 

625°C pattern 

85Fe-5Co-AlzO3 Six-line Fe-Co 0.03±0.01 0.00±0.01 34.7±0.02 0.94 
post reacted in C~ at pattern Fe3C 0.20±0.04 0.01±0.04 20.5±0.08 0.06 

625°C Six-line 
pattern 

The spectrum, according to the determined parameters, is characteristic for Fe+3, 

located in a high-spin state and octahedral surrounding of oxygen anions. Accounting for the 

chemical nature of the precursor and method of preparation of a Fe-Co oxide system it may be 

assumed that following the proposed method of synthesis the iron oxide is obtained. The 
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presence of the quadrupole doublet and large value of E indicate that it is in highly dispersed, 

superpapamagnetic condition, and the particle size is not more than 80 A. The similar 

parameters of the spectra were observed for highly dispersed Fe2O3 in the work [20]. The six­

line pattern (Table 4) corresponds to the admixture of the Fe2O3 with a rather large size of 

particles. The fraction of this state is estimated as about 8% based on the area under the lines. 

It is known, '-that iron can exhibit several crystal structures. a.:Fe having a body 

centered cubic lattice with symmetry lm3m exists at the temperatures below 769°C. a-Fe has 

ferromagnetic properties. It was established that a bulk a➔~ phase transition occurs at 769°C. ~-Fe 

has the same symmetry as a-Fe, but already exhibits paramagnetic properties. y-Fe is formed at 

the temperatures above 917°C.., and has face centered cubic lattice with Fm3m symmetry. 

Since we work at the temperatures below 700°C, we should expect formation of only a-Fe, 

that is confirmed by XRD. 

( a ) 

::, 

cu 

en -
C 

::, 

0 
CJ ( b ) 

-1 5 -1 0 -5 0 5 1 0 

velocity, mm /s, . 

Fig. 3. Mossbauer spectra of 85Fe-5Co-Ah03 catalyst: 

(a) - after 20 min in methane decomposition reaction at 625°C, 
(b)- after 50 min in methane decomposition reaction at 625°C. 
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XRD data (Table 5) of reduced catalysts show presence of a-Fe phase in the samples. 

The traces of Fe-Co-Al spinels are observed for the catalysts containing 10 wt.% Al2O3. The 

Mossbauer spectrum of the reduced 85Fe-5Co-Al2O3 sample shows a six-line pattern 

characteristic of Fe-Co alloy plus a central doublet which can be attributed to the traces of 

superparamagnetic Fe2O3. The reduced catalyst represents an alloy Fe-Co. The value of magnetic 

field exceeds the magnetic field for pure iron and corresponds to the alloy Fe-Co with 5 wt.% of 

Co (Table 4). According to the TEM data average particle size of the 85Fe-5Co-AiiO3, 

60Fe-30Co-Al2O3, 50Fe-6Co-Al2O3 samples is 25-35 nm, for the 90Fe-Al2O3 - 35-55 nm, in 

case of the 50Fe-AhO3 - 30-40 run. 

Table 5. X-ray diffraction and TEM data for the reduced Fe-AhO3 and Fe-Co-AlzO3 catalysts. 

Sample d,A Phase Particle size (TEM), nm 
90Fe-A]zO3 2.867 a-Fe 35-55 

Fe-Al spinel (traces) 
50Fe-Al2O3 2.867 a-Fe 30-40 

8.242 Fe-Al spine! 
85Fe-5Co-AbO3 2.866 a-Fe 25-35 

Fe-Co-Al spine} (traces) 
60Fe-30Co-A}zO3 2.863 . a~Fe 25-35 

Fe-Co-Al spinel (traces) 
50Fe-6Co-Al2O3 2.865 a-Fe 25-35 

8.261 Fe-Co-Al spinel 

The Mossbauer spectrum of the catalysts after 20 min in methane decomposition 

reaction (Fig. 3a) and after complete deactivation at 625°C consist of superposition two 

sextets which can be attributed to Fe-Co alloy and Fe3C. It should be noted that the amount of 

observed Fe3C in the deactivated catalyst is essentially less than in the sample after 20 min in 

methane decomposition. XRD data show also formation ofFe3C phase. 

In the case of the 85Fe-5Co-AhO3 sample after 50 min exposition to reaction mixture 

the Mossbauer spectrum with complicated structure is observed (Fig. 3b ). There is a 

"sagging" of the spectrum central part. Probably the formation of metastable [Fe-C] has 

resulted in appearance of such kind of the spectrum. 

3.4. Morphology and texture of carbon 

TEM images of CFC, formed upon low-temperature methane decomposition over 

50Fe-A}iO3, 85Fe-5Co-AhO3 and 70Fe-20Ni-AhO3 catalysts, are presented in Fig. 4. 
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Fig. 4. TEM photographs of the catalysts: (a) - 50Fe-A}zO3, · 

(b) - 85Fe-5Co-AhO3, 

(c )- 70Fe-20Ni-AlzO3 

a 

b 

C 

after 50 min in methane decomposition at 625°C, showing formation of the carbon nanotubes. 
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The formed carbon has filamentary morphology and represents carbon nanotubes, 

consisting from the turbostratic carbon layers, which are parallel to the fiber axis and look as · 

cylinders with growing diameters enclosed in each other. The turbostratic nature of the 

formed carbon is confirmed by XRD data (Table 6), indicating }hat the interplanar distance 

doo2 is equal to 0.343 nm, i.e. a little higher than in a perfect graphit~ ( doo2=0.335 nm), and also by 

HRTEM data (Fig. 4a, b). The diameter of carbon nanotubes varies at the range of 30-50 nm. 

Table 6. Textural and structural properties of CFC formed in the methane decomposition at 625°C. 

Sample SBET, m /g V~re, cm /g VI!, cm3/g Dpore, A doo2, nm Lc,nm 
CFC(85Fe-5Co-Al2O3) 103.1 0.4417 0.0046 171 0.342 6.5 

CFC(80Fe-10Co-AhO3) 118.2 0.3737 0.0057 126 
CFC(60Fe-30Co-A]zO3) 136.0 0.4744 0.0047 149 0.340 11.0 

CFC(50Fe-A)iO3) 151.5 0.5006 0.0068 13.2 0.343 8.7 
CFC(50Fe-6Co-AhO3) 155 0.5582 0.0101 144 0.342 8.2 
CFC(80Fe-l 0Ni-AhO3) 139.1 0.4871 0.0070 140 
CFq70Fe-20Ni-AlzO3} 121.1 0.5481 0.0073 188.6 

The analysis ofTEM data allows to pick out two types of filamentous carbon: 

I. Nanotubes, consisting from 7-15 graphitic cylindrical layers, with outer diameter ranging 

between 25-30 nm and inner channel of 10 nm (Fig. 4b ). 

II. Carbon fibers, which have internal caps fonned by linkage of the inner carbon layers are 

observed. All of the internal caps are oriented perpendicularly to the fiber axis and along one 

direction only for the given fibers. Carbon fibers. are observed predominantly in CFC (50Fe-A12O3) 

and to a lesser extent in CFC (85Fe-5Co-A12O3). 

Nanotubes (type I) are formed mainly upon methane decomposition over 

85Fe-5Co-AhO3, however their yield does not exceed 20 g/~at• The carbon capacity is 

increased up to 52.4 g/~at with a diminution of the iron contents in the catalyst down to 50 wt.% 

(catalyst 50Fe6Co-AhO3), however in this case carbon fibers (type II) are formed. 

An increase of the Ni content in the Fe-Ni catalysts up to 70 wt.% formation of CFC 

characteristic for CFC (90 wt.% Ni-A}iO3) is observed. The catalytic particles have 

cubooctahedral shape, the carbon filament consists from graphitic planes which are coaxially 

arranged as cones at the angle 45° [10]. 

Textural properties of the tubular formed carbon were determined by nitrogen 

adsorption at 77 K (see Table 6). The magnitude of specific surface area (SaET) varies in the 

range of 100-150 m2/g. The tubular CFC is more friable on the packing with a bulk density of 

0.2 g/cm3, pore volume of 0.5 cm3/g and average pore diameter of 15 run. Interplanar distance 

doo2 and the average size of the coherent scattering area directed perpendicular to the graphite 

plane (002) (Le) of CFC were determined from XRD data and represented in Table 6. 
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3.5. The nature of iron-containing catalyst promotion 

It is known, that carbon deposition deactivates the catalyst in hydrocarbon decomposition 

reactions at high temperatures. However hydrocarbon decomposition under certain conditions, 

may result in the fonnation of filamentous carbon which does not poison the catalyst for a long 

time. Data presented above, show that it is possible to create long-living iron catalysts of methane 

decomposition if the conditions of filamentous carbon growth are ensured. 

The properties of Fe-containing catalysts are found to be similar to the properties of 

Co-containing catalysts, and depend on the preparation method, amounts of the metal and 

temperature regimes [11]. Among the investigated catalysts, the best properties are exhibited 

by coprecipitated Fe-AhOJ using aqueous solution of NH.iOH as a precipitant and containing 

not less than 50 wt.% of Fe (Table 1 ). Brown et. al. [21] had established, that introduction of 

Co at the stage of Fe and Al hydroxides fonnation results in the decrease of reducing 

temperature of iron oxides. Indeed, the known iron Fischer-Tropsch catalysts and catalysts for 

ammonia synthesis are reduced at the temperatures below 600°C. We have found, that the 

most effective Fe-AhOJ catalysts of methane decomposition are fonned after reduction at the 

temperature of 580°C, with subsequent passivation at room temperature in ethanol. 

We have detennined, that the maximum growth of filamentous carbon on Fe-AhO3 

catalysts occurs at 625°C. Thus, the temperature at which iron-containing catalysts show 

considerable efficiency in CFC deposition is much below than it was found in the works [15, 16]. 

It is known that the high-loaded metal catalysts have the greatest activity in fow~iemperature 

methane decomposition and CFC formation. However, the carbon capacity of pure iron 

catalysts was small, that can be explained by the low contents of iron metal, which is a center 

of carbon deposition, and the maximum carbon yield is observed for the sample with 50-80 wt.% 

Fe. Apparently the increase of high-to-reduce oxide admixture (A}zO3) in the catalyst results 

in the formation of the iron particles having appropriate size (~ 25-35 nm) to growth of 

carbon filament. 

We have shown, that introduction of the small amounts of cobalt (3-10 wt % ) in Fe-AhO3 

catalysts at the stage of coprecipitation increases CFC yields 2-3 times (Table 2, Fig. lb). The 

carbon capacities presented in Fig. lb show that iron is less active than Fe-Co or Fe-Ni alloys. 

But the curves of the carbon capacity dependence for Fe-Co and Fe-Ni on the second metal 

loading (Co, Ni) differ from each other. The carbon capacity dependence for Fe-Co has a 

brightly expressed maximum at 10-20 wt.% Co, while for Fe-Ni extremurn is not observed. 

There is, however, a significant decrease in the carbon yield for Fe-Co catalysts with increase 

of the Co content. This catalytic behavior is connected to the fact that pure cobalt is active in 

methane decomposition reaction at 500°C, and inactive at 625°C. Our results show that an 

increase in the Ni content of the Fe-Ni catalysts from 5 to 40 wt.% is accompanied by an 
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increase in the amount of deposited carbon from 12 to 22 g/g;at• Further addition of Ni 

appeared to exert very little impact on the carbon yield and catalyst properties become similar 

to that exhibited by 90 wt.% Ni-AhO3 under the same condition, that is expressed in the 

increase of methane conversion and the modification of the CFC characteristics. The Fe-Co 

catalysts containing 5-10 wt.% of Co are some effective in nanotube formation than Fe-Ni alloys, 

i.e. the promotion influen'te of the small amount of Co is more expressed than in case ofNi. 

Taylor et. al. [19] had established that some cobalt (5 wt.%) or nickel (5-15 wt.%) has 

a beneficial influence on iron for nitrogen adsorption, synthesis of ammonia and isotope 

exchange 14N2- 15N2. They assumed [19], that the small amounts of Co or Ni affect the 

crystallisation of iron such that a greater proportion of the surface area exists as (111) faces, 

which are particularly active in the synthesis of ammonia and adsorption of N2 [22], and these 

faces are necessary for the deposition of graphitic carbon upon hydrocarbon decomposition. 

The typical global kinetics of the methane decomposition over Fe-AhO3 is illustrated in 

Fig. 2. There is no induction period for Fe-AhO3 catalysts, which is characteristic for Ni-AhO3• 

Previously we have assigned the induction period to the sintering of carbon-saturated Ni particles 

from 17 nm to 50 nm within the first minutes of reaction [10]. The Fe-AhO3 (Fe-Co-AhO3) 

active particle size is 20-35 nm, which seems to be large enough for filamentous carbon 

growth. Based on the kinetics of methane conversion, it is possible to explain gradual fall of 

catalyst activity due to a covering of the active centers by constantly generating carbon 

nanotubes, so-called encapsulation of the active centers. 

Fig. 4a-c demonstrate the active centers of iron-containing catalysts of methane 

decomposition. On the basis of the TEM data it can be assumed that the formation of graphite phase 

at initial stage of methane decomposition reaction leads to generation of faceted catalyst crystallites 

- the carbon nanotube growth centers apparently only at addition of the second metal (Co or Ni). 

Conventional model of methane decomposition includes the following stages: decomposition of 

CI-4 on the metal (100) and (110) planes involving the formation of surface carbon; carbon 

diffusion through a metal particle, and graphite precipitation on the metal (111) planes (8]. 

The Co addition is likely to cause the formation of catalyst particles with allocation of 

(100) planes where methane decomposition occurs, and planes (111) where carbon deposition 

can take place. Due to the certain orientation of the catalyst particle when the plane (100) is 

located perpendicularly to the carbon fiber growth direction the formation of carbon nanotubes 

with hollow internal channel is provided. Thus iron catalyst promotion by Co or Ni changes the 

shape of the active particles and the mechanism of the carbon deposition. 
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Conclusions 

Fe-A}zO3, Fe-Co-A}iO3 and Fe-Ni-A}zO3 catalysts have sufficient efficiency in 

filamentous carbon formation and in a methane decomposition at moderate · temperature 

(625°C). It have been established, that the properties of Fe-containing catalysts depend on a 

preparation method. The best method is a coprecipitation of components from solutions of 

appropriate metal nitrates by a solution of ammonia (Fe-Co-A}zO3) or ammonia bicarbonate 

(Fe-Ni-AlzO3). Carbon capacity of Fe-AlzO3 catalysts is increased in the presence of Co or Ni 

and reaches 52.4 g/gcat (104 g/gFe). TEM data have shown, that the carbon nanotubes are 

observed upon methane decomposition on the Fe-Co(Ni)-AlzO3 catalyst. Application of the 

developed catalysts allows to obtain CFC with a new microstructure (carbon nanotubes), 

which now have scientific and practical interest. 
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"COMPENSATED DISINTEGRATION OF HYDROCARBONS" MODEL -

THE KEY TO UNDERSTANDING OF REFORMING REACTOR BEHAVIOR 

O.A.Reutova 

Chemistry Department, Omsk State University, 

55-a, Pr. Mira, Omsk, Russia, 644077 E-mail: reutova@univer.omsk.su 

The reforming process is defined by polyfunctionality of Pt/ AlzO3 catalyst on main 

p ~lion products p 

\::z ~tion :+-Hz /a 
1111 -Hz 

and side reactions. So the goal reaction 

(aromatization) rate is determined by coking 

mechanisms for all types of active sites, but 

~,,,,,,,,,,,~ ,/////////////, - on platinum in the main. 

Pto- Pt0 Mechanism of the "compensated 

disintegration" of hydrocarbon on platinum explains the coke formation as densely packed 

(graphite-like or diamond-like) structure. This model was applied for coke formation on 

platinum monocrystal upon 770-920 K. The reverse kinetics problem was solved and the limit 

stage of densely packed coke formation was highlighted. This stage is a nuclear-formation 

(the activation energy is 36 kcal/mole). 

The temperature regime for reforming process is near 770 K, so the formation of 

densely packed coke on metal Pt component begins after 40-50 days start-up of reactor. As it 

was shown by derivatography for waste industrial catalyst (R-56 UOP, Sibneft - Omsk NPZ) 

the exothermic peak exists about 740°C (1100 K). It corresponds to the burning down of 

densely packed coke, which dramatically influences reforming reaction activity. So the 

catalyst doesn't reduce its activity during self-regeneration in hydrogen-content atmosphere or 

under oxygen (air) regeneration near 600°C. 

In view of above-mentioned mechanism the kinetic model was used for monitoring of 

industrial catalytic reforming unit (Sibneft - Omsk NPZ). The temperature and concentration 

profiles are an important characteristic data becaU;se they reflects kinetics on the each process 

stage. These profiles show that the catalyst deactivation staggers in the reactor beds. For the 

aromatics and naphtenes concentration curves shift upwards and downwards. During 

deactivation the temperature decreases in the first reactor and increases in the following ones. 

The work was supported by Federal Program "Integration-2000" (Russia). 
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METHANE SELECTiVE OXIDATION INTO SYNGAS AT SHORT CONTACT 
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The catalytic partial oxidation of methane (POM) to syngas at short times is an alternative 
process to the conventional steam reforming of methane. This work presents the results on 
design of efficient robust and non_-expensive monolithic catalysts for this process. 
Monolithic supports with square or triangular cells of 1-3 mm typical size and wall thickness 
in the range of 0.2-0.3 mm were obtained by the extrusion of plastic pastes comprised of 
highly dispersed corundum precursors and a binder, followed by their drying and calcination 
(up to 1300°C) in thoroughly controlle~ conditions. 
Ceria-zirconia oxide solution with a fluorite-like structure modified by incorporation of 
calcium and fluorine into the · lattice were synthesized via polymerized complex precursor 
approach (Pechini route), which was found to ensure a homogeneous spatial distribution of 
components. The chemical composition and methods of those systems preparation were 
optimized to ensure their phase homogeneity, high rates of the surface and bulk oxygen 
diffusion along with a reasonably low surface coverage by weakly bound oxygen forms 
responsible for methane deep oxidation. Both isothermal samples reduction by CO and 
methane and temperature-programmed reduction by hydrogen were used to characterize the 
bulk and surface oxygen mobility and reactivity. The real structure of those oxide solid 
solutions was studied and model explaining the reactivity and mobility of oxygen was 
suggested. The surface coordinatively unsaturated sites capable to retain CO and molecular 
forms of oxygen was elucidated using FflRS spectroscopy. . . 
The active components based upon platinum, nickel, and their combinations including 
perovskite-like lanthanum-containing mixed oxidic precursors were supported onto mixed 
modified ceria-zirconia secondary supports. Their reactivity was respect to interaction with 
methane and its mixture with oxygen at temperatures up to 900°C was characterized in the 
steady-state and unsteady-state kinetic experiments using both diluted and concentrated 
reaction mixtures. The effects of the active components on the oxygen mobility and oxygen 
storage capacity of fluorite-like mixed oxide support was elucidated as well. 
The performance of the monolithic catalysts in the methane selective oxidation into syngas at 
short contact times was tested in the autothermal mode for feeds with stoichiometric content 
of methane in air (metane/O2 ratio = 2:1) as well as in mixtures with addition of water and 
CO2• The catalytic layer design was optimized for ensuring the highest yield of syngas at short 
contact times. It includes variation of_ the active component composition along the layer as well as 
the specific surface area of corundum monolithic support. Catalysts activity and selectivity (syngas 
yield exceeding 90%) were even improved due to presence of up to 100 ppm S02 in the feed. 

Acknowledgements. This work is in part supported by RFBR-INTAS grant No 97-03-71046/IR-97-402 
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·. 1 S. Toraigiro Pavlodar State University, Pavlodar, Republic of Kazakhstan 

Catalytic refining and processing . of petroleum feedstocks are of great ecological 

importance. Although conventional catalysts are quite active and stable, new catalysts are still 

being sought. Particularly new variants of supports are desirable in order to adupt the catalysts 

to different types of feeds. Generally the supports should possess high specific surface area, 

thermostability, reasonable price and availability of raw materials, environmentally friendly 

production. For decades the two latter req~ire~ents were not essential but nowadays they 

become crucial. For this reason new raw materials attract attention: natural minerals and 

industrial wastes. 

Several non-traditional materials for support preparation were studied: clays, silicate 

industrial slags, mineral residue of shungite - unique carbon-containing mineral. Original 

materials as well as the materials after additional 'pretreatment were used. 

Phosphorus slag is an essential and cheap source for a production of alumosilicate porous 

materials. Leaching of the slag with nitric, phosphoric or hydrochloric acids leads to a 

formation of materials with high specific surface area. Pore size distribution depends on the 

leaching time and acid concentration. The formation of porous glasses from slag is 

presumably a result of phase separation in the slag and different resistance of the two phases 

towards acidic treatment. Moderate leaching causes formation of acidic sites. 

Both clays and shungite mineral residue are other readily available sources of alumosilicate 

materials, and their acidity as well can be regulated by acidic treatment. 

Supported copper, platinum, cobalt-molybdenum, chromium catalysts were prepared. 

Copper-slag catalysts are active and selective in cyclohexanol dehydrogenation at 280°C; 

cobalt-molybdenum-slag catalysts are able to eliminate up to 90% of sulfur at 390°C. Other 

catalysts were tested in alkane isomerization and were shown to be effective. 

The catalysts resulted have a versatile ecological effect because during their preparation 

useless industrial wastes are converted into useful products contributing to cleaner fuels 

production. 
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The direct dehydrogenation of methanol to methyl formate has the advantage over methanol 

carbonylation. The latter is the main method of methyl formate production in industry nowadays 

and it demands keeping and using carbon monoxide. The aim of present work is to study the active 

surface formation in copper-containing catalysts for direct synthesis of methyl formate from 

methanol. 

The work is dealing with investigation of structure and composition of oxide-(hydroxo )­

precursor and later of support effect as well as effect of pretreatment conditions on activity and 

selectivity in respect to methyl formate and sorption properties of copper-containing catalysts. 

The catalytic properties in methanol dehydrogenation of copper metal formed as a result of 

reduction by hydrogen of copper-containing oxides with different structure: copper 

hydroxysilicate (Chrysocolla), copper-zinc hydroxysilicate (Zincsilite), copper chromite 

(tetragonally distorted spinel) have been studied. It should be noted that copper chromite was 

reduced at two different temperatures that led to obtaining of the samples with different 

structure: acid copper (Cu1+) chromite with the structure of spinel and chromia. 

The properties of catalysts in the respect to hydrogen adsorption were investigated by 

means of TPD. Two catalysts preserving the structures of their precursor-oxide after reduction 

(CuZnSi and CuCr) and having strong bonding of metal particles with the surface was found 

to have high temperature form of hydrogen adsorption (543 Kand 723 K). This form is not 

observed for usual porous metal copper and for other two catalysts CuSi and Cu/Cr2O3. 

Process of methanol dehydrogenation proceeds via successive reactions: 

(I) 2CH3OH = CH3OOCH + 2H2 and (II) CH3OOCH = 2CO + 2H2. 

The methylformate selectivity for the catalysts studied was close to 1.0 at low methanol 

conversion, X :5 0.1, where dehydrogenation process is represented by reaction (0, occurring 

far from its equilibrium. At 0.2 :5 X :5 0.55, the selectivity decreases with increasing 

conversion, and the ratio of the activities in successive reactions may serve as catalysts 

comparative characteristic. At high conversions, when reaction (I) is close to its equilibrium, 

selectivity is independent on the properties of studied catalysts and depends on the methanol 

convers10n. 
· ~ 

The catalyst activity in reaction (IO greatly depends on the state of metal copper in the 

catalysts. It was assumed that the catalyst activity in methylformate conversion to CO and H2 and, 

hence, the selectivity of methanol dehydrogenation in respect to methylformate in the region of 

moderate methanol conversion depends on the character of interaction between metal copper 

particles and catalyst oxide surface, which is determined by the composition and structure of 

oxide-precursor. 
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INTRODUCTION 
' The catalytic partial oxidation of methane (POM) to syngas at short contact times is an 

alternative process to the conventional steam reforming of natural gas [1-2]. The testing of the 

catalysts under atmospheric pressure revealed a good syngas selectivity and yields in the case of 

precious metal (first of all, Rh-containing) monolithic catalysts [3]. However, at high pressures 

syngas yield drops due to thennodynamic limitations and the impact of radical gas-phase 

reactions [4]. To minimize the impact of the gas-phase reactions the process is to be carried out 

under kinetic not thennodynamic control. To obtain a high conversion of methane at short contact 

times, the rate of methane conversion via the pyrolysis-oxidation route is to be very fast. To 

ensure kinetically controlled high yields of syngas at high pressures the catalysts providing the 

high rate of methane conversion through the route including methane pyrolysis - selective carbon 

oxidation into CO are to be designed. The problem includes design of the metal active 

component ensuring efficient methane decomposition and selection of the oxide support 

having a high bulk and surface oxygen mobility [ 6~ 7]. 

Supported lanthanum nickelates and cobaltites of the perovskite type promoted by small 

amounts of precious metals were shown to be more active and stable catalysts in this process than 

supported precious metals [8]. A high oxygen mobility in fluorite-like Ce02-Zr02 solid solutions 

helps to ensure an efficient performance of Pt supported on monolithic corundum in POM [9]. 

The catalysts in those experiments were tested under non-isothermal conditions due to a high 

methane concentration used, monolithic shape of catalysts etc. In order to develop highly 

effective POM · catalysts favoring direct methane conversion into syngas, it is necessary to 

obtain data characterising the intrinsic activity of active components under condit~ons as close 

as possible to industrially relevant ones (high temperatures, short contact times). 

In this work the activity in POM of Ni, Pt, lanthanum nickelate with and without Pt 

supported on corundum carrier either pure or promoted with Ce0i-Zr02 was studied under 

conditions providing acquisition of intrinsic ~netic data (high temperature, short contact time, 

highly diluted gas mixture, small catalyst grains). The phase composition and reducibility of 

catalysts were also characterized with XRD and TPR. 
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EXPERIMENTAL 

The catalysts containing Pt, Ni and LaNiO3 either pure or promoted by Pt were_ 

prepared by incipient wetness impregnation of microspheric a-AhO3 (100 µm diameter) with 

required salt solutions (Table 1). First Ce-Zr oxide was deposited on a-AhO3 from the 

solution of Ce(NO3)3 and ZrOCh. After the impregnation, samples were dried and calcined at 

900°C in air. Active components were then supported using solutions of La and Ni nitrates, 

H2PtC16, and samples thus obtained were dried and calcined once more. 

XRD spectra of catalysts were recorded on an HZG-4C diffractometer Freiberger 

Prazisionmechanik with monochromatic Cu Ka irradiation. The mean crystallite sizes of ce:..zr 

mixed oxide, LaNiO3, NiO and Pt were determined from XRD line broadening measurements 

using Scherrer equation. The reflexes at d = 1.9065 and 1.7027 A corresponding to (202), 

(211) LaNiO3 faces (No. 34-1181, JCPDS-ICDD) were used for estimation of LaNiO3 lattice 

parameters and the average crystallite sizes. The lattice parameters and the average crystallite 

size of Ce-Zr mixed oxide were determined from the reflexes at d = 1.83094 A corresponding 

to (202) CeZr solid solution face. 

Before TPR experiments, the samples were heated in oxygen at 500°C for 30 min and 

cooled in oxygen to room temperature. Then oxygen was successively changed for argon and 

the feed containing 10 vol.% H2 in Ar. The feed flow rate was 40 ml min-1• The rate of 

heating from room temperature to 900°C was l0°C min-1• During the experiment H2O was 

frozen out at -80°C. The hydrogen concentration was determined using the thermal 

conductivity detector. 

The catalysts were tested in the POM at atmospheric pressure in a continuous flow 

quartz reactor with 10 mm inner diameter. 0,01 g of the catalyst diluted with quartz powder 

(0,25-0,5 mm) was placed between two disks of "Buran" foam silica. The temperature of the 

catalytic bed was measured by a thermocouple placed outside the reactor. Before testing the 

catalysts were activated by using two procedures. In the first one, the samples were oxidized for 

1 hat 900°C in the oxygen flow. In the second one, the catalysts were oxidized for 1 hat 700°C 

in the oxygen flow, then it was switched to He followed by the feed 30% H2 in He . . ., 

Simultaneously, the temperature was raised to 900°C so that the catalysts were reduced for 30 

minutes. The catalysts were tested then at 900°C and co~tact times equal to 2· l 0-3 and 30· l 0-3 s. 

The methane content in the feed gases was 1 vol.%. The oxygen content was varied within 

0.01 -0.5 vol.% range (helium bal~te). The reaction products were analyzed by the GC. The 
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conversion of methane and product selectivities were calculated on the basis of carbon 

numbers of the methane reacted. Carbon balances were closed to within ±5%. 

RESULTS AND DISCUSSION 

XRDdata 

Some catalysts characteristics are presented in Table 1. The Ce02-Zr02 oxide 

supported onto corundum is a solid solution of the cubic structure. For all samples, its lattice 

Table 1. XRD data 

Catalyst 

ZC-A 

P-ZCA 

LN-A 

LN-ZCA 

LNP-A . 

LNP-ZCA 

N-ZCA 

Chemical composition 

Zro.sCeo.z/a-AJiO3 

0 .4%Pt/Zro.sCeo.i/ 
a-AhO3 

LaNiO3'a-AhO3 

LaNiO3'Zr o.sCeo.2/ 
a-AhO3 

0.2%~t+LaNiO3' 
a-Al2O3 

0.2%Pt+LaNiO3' 
Zro.sCeo.z/a-Al2O3 

1.3%Ni/Zro.sCeo.z/ 
. ·- cx.-AJiO3 

Phase composition 

Cubic CeOrZr02 
solid solution 

Cubic CeOrZrO2 
solid solution . 

Pt 
LaNiO3 

NiO 
Cubic CeOrZrO2 

solid solution 
LaNiO3 

NiO 
LaNiO3 

Cubic CeOrZr02 
solid solution 

LaNiO3 
NiO 

Cubic CeOrZr02 
· solid solution 

NiO 

Lattice Crystal 
parameters size 

{A}. 
a C (A) 

5.182 125 

5.179 
105 · 
250 

5.366 6.579 220 

5.182 120 
5.371 6.592 170 

<50 
5.382 6.629 175 

5.188 90 
5.383 6.625 100 

5.179 110 
50 

parameter is nearly constant whereas the average crystallite size is reduced. for samples 

containing Pt. Supported lanthanum nickelate phase either pure or containing Pt corresponds to 

perovskite of the hexagonal structure which predominates in all catalysts. The broad lines of a low 

intensity corresponding to NiO are observed in ~ patterns of LN-A and LNP-ZCA samples 

testifying the presence of some amount of small NiO particles. The diffraction lines of Pt were not 

observed for LNP-A and LNP-ZCA samples probably as a result of both Pt low concentration and 

its incorporation into the perovskite structure. 

The lattice parameters of supported LaNi03 (Table 1) are different from those of a 

bulk perovskite (No. 34-1181, JCPDS-ICDD), thus evidencing that the structure of supported 
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perovskite is distorted due to its interaction with the support. The Pt addition results in the 

increase of perovskite lattice parameters and the decrease of the average perovskite crystal 

size. These alterations can be due to Pt incorporation into the perovskite lattice. For catalysts 

supported on Ce-Zr oxide promoted corundum, the variation of the perovskite lattice 

parameters is more pronounced depending on the presence of Pt as well. The parameter "c" of 

pure supported LaNiO3 phase is bigger for LN-ZCA sample as compared with that for LN-A, 

whereas perovskite lattice parameters of LNP-ZCA and LNP-A samples containing Pt are the 

same. Corundum modification by Ce-Zr oxide favours a higher perovskite dispersion (Table 1 ), 

both for pure (LN-ZCA) or Pt containing system (LNP-ZCA). 

Temperature-programmed reduction 

The TPR data are presented in Fig. 1. Supported Ceo.2Zro.sO2 has three peaks of hydrogen 

consumption at 312, 440 and 530°C. The peaks are relatively small indicating a low total 

hydrogen uptake. In the spectrum of P-ZC-A the high intensive peak at 325°C appears evidencing 

that Pt facilitates the reduction of Ce-Zr oxide. For N-ZC-A three peaks at 235, 470 and 840°C are 

observed. For LaNiO3 supported on:pure corundum (LN-A), a small peak at ~350°C and two high 

intensity peaks at 530 and 890°C are observed. The spectrum of LN-ZCA also shows three 

peaks shifted to lower.temperatures. In addition, the shoulder at 420 and 670°C appear. Thus, 

Ce0_2Zro_8O2 facilitates the reduction of LaNiO3. Such different behavior of LaNiO3 perovskite 

supported on Ceo.2Zro sO2/a-A}iO3 correlates 

with the increase of the lattice parameter "c" 

indicating the influence of Ceo.2Zro.sO2 on the 

perovskite structure. 

Addition of Pt strongly affects the TPR 

profiles of LNP-A and LNP-ZC-A samples. 

The most pronounced changes are observed at 

temperatures below 700°C. For LNP-A, an 

intensive peak at 650°C and the peak at 450°C 

appear, while the high temperature peak 1s 

shifted by 70°C to low temperatures as 

compared with that for LN-A sample. For LNP­

ZCA, the spectrum is more complicated as 

compared with that for LNP-A: three peaks are 

observed at temperatures below 550°C, whereas 
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the position of tlie high temperature peaks at 6,50 and 820-850°C is unchanged. In the case of Pt 

containing catalysts, Ce-Zr oxide favours their reduction at temperature below 600°C. 

Catalytic activity 

The activity of catalysts depends on both the catalysts composition and the procedures 

of samples pretreatment before the kinetic study. 

The initial activity of oxidized 

catalysts decreases in the order: 

N-ZC-A>LNP-ZC-A>P-ZC-A>LN-ZC-A. 

However, N-ZC-A having the highest 

initial activity is the least stable (Fig. 2). 

The methane conversion substantially 

decreases with time whereas selectivity 

to syngas drops to zero after 6 h on 

stream (Fig. 2). The catalyst LNP-ZC-A 

is more stable (Fig. 3), though its 

activity decreases with the time-on -

stream as well. Simultaneously, the 

Hz/CO ratio changes from 2 to 1 with 

time. Some oscillations of reagents 

conversion and selectivities to CO and 

CO2 appear after 4 hours on stream (note, 

H2/CO ratio decreases to 1) (Fig. 3). 

These oscillations take place only for 

both oxidized LNP-ZCA catalyst and P­

B 

Q+-r......,..............-........ -,--,~T""'T"..,........~-....-1 

100-iiffl""mi!ll...-Jli.--------i A 

80 

goo 
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g 
(f) 40 

;;-, 
I 
(.J 

>< 20 

90 

80 

'o' cF-
70"';:. 
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>< 
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50 

-t-T-,-r"""T"'"'T""'T......,........,....,........,..-,--,~.,.........--r--140 

1 2 3 4 5 6 7 8 9 
lime (h) 

-o-X CH4, %-A- S CO, %-v- S CO2, % -+-X 02, % 

Fig. 2. Conversion of methane and oxygen, 
selectivities to CO and CO2 (A); Hi/CO ratio (B) 
in the reaction products versus time-on-stream for 
preoxidized N-ZC-A catalyst. 

ZCA catalyst being similar to those found in [11] for Rh/y-AlzO3 catalyst. This type of 

oscillations found here seems to be related with the formation of carbon deposit over the 

catalyst surface in the course of the methane conversion. It isimportant that these oscillations 

are not observed over the catalyst without Ce-Zr-O secondary layer. 
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preoxidized LNP-ZC-A catalyst. 

PP-31 
For ~1. catalysts, complete gas phase 

oxygen consµmption is observed indicating 

strong catalyst reduction in the reaction 

conditions. So, it was very interesting to test 

the catalytic·· activity of prereduced catalysts. 

Kinetic data obtained over prereduced 

catalysts at the first few seconds and after 3 

hours in stream are represented in Table 2. 

Initially, LN-ZCA catalyst is most active in 

syngas formation, but its activity decreases 

significandy after 3 hours in stream. The 

addition of Pt leads to the increase of 

perovskite stability in the syngas production. 

The state of prereduced catalysts changes with 

time-on-stream as in the case of oxidized 

samples. These changes are manifested in the 

decrease of the catalytic activity, the gas 

phase oxygen consumption and 

Table 2. The conversion of methane, oxygen and selectivity to CO and CO2 (initial values and 
after 3 hours of testing) over the catalysts studied 

Catalyst Conversion*(%) Selectivity*( % ) 

CH4 02 co CO2 
1 2 1 2 1 '. 2 1 2 

P-ZCA 28 30 95 92 24 13 76 . 87 
N-ZCA 44 15 99,7 52 65 10 35 90 
LN-ZCA 56,5 17 99,7 52 84 29 16 71 
LNP-ZCA 28 25 .. 76 67 61 40 39 60 

; 

*- 1 - the initial activity, 2 - after 3 hours. 
Temperature 900°C, time co11tact. ZX 10·3 s, reaction gas mixture: CHi/O2=2/ 1. Before activity testing the catalysts 
were reduced in hydrogen flow as described above. 

H2/CO ratio in the reaction products. In the case of prereduced LNP-ZCA stable oscillations 
-~ 

in methane, oxygen (Fig. 4A) and products concentration (Fig. 4B) are observed as well. Note, 

that oscillations appear at the Hi/CO ratio closed to I as in case of oxidized LNP-ZCA catalyst. In ., ' 

contrast to the oxidized catalyst these oscillations are characterized with higher amplitude and 
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lower frequency (Fig. 3, 5). Period of oscillations is rather long (about 40-50 min). The amplitude 

of these "low frequency'' oscillations . 
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Fig. 4. Oscillations of the reagents (A) and 
products (B) concentrations over prereduced 
LNP-ZCA catalyst. CH,i/O2==2/1 , time 
contact 2x10"3s. 
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selectivities (B) over prereduced LNP-ZCA 
catalyst. CH.JO2==2/1, time contact 2xl0·3s. 
(C) - amount of oxygen consumed by the 
catalyst. 

increases with time on stream. Some remarks concerning the cause of oscillations could be 

made on the bases of oxygen uptake in the system "catalyst-gas phase (reagents and 

products)". The consumption of oxygen by the catalyst is presented in Fig. SC by solid line. 

After about one hour of the experiment the concentrations of CO and hydrogen are practically 

close to zero (Fig. 4A). At that time, CO2 is the main reaction product, the amount of oxygen 

consumed by the catalyst is close to 1 mmol 02 per g of catalyst (Fig. 5C). Then oxygen 

consumption by catalyst was stopped. Just in that moment the first oscillation arises ( Fig. 5). 

The subsequent oscillations proceed at moments when the catalyst releases or adsorbs about 

1 mmol of molecular oxygen. According to TPR .data, the oxygen capacity of Ce-Zr-O solid 

solution is comparable with that value. Note, that "low frequency'' oscillations are observed 

only in the case of catalysts containing Ce-Zr-O secondary support. The coincidence of these 

values and the latter fact permit us to suggest that "low frequency oscillations" observed are 

caused by the changes i~ the catalysts state associated with the oxygen transport through the 

Ce-Zr-O secondary layer during the reaction. 
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CONCLUSIONS 

The partial oxidation of methane to synthesis gas over supported mixed oxides (La, Ni) 

with Pt has been studied in isothermal conditions at millisecond contact times. In all catalysts 

supported lanthanum nickelate phase either pure or containing Pt predominates and 

corresponds to perovskite of the hexagon~} structure with modified lattice parameters. The 

redox properties of catalysts depend on the presence of Pt and Ce02-Zr02 solid solution. 

The initial intrinsic activity of catalysts depends on both the catalysts composition and 

the procedures of samples pretreatment before the kinetic study. The addition of Pt and Ce-Zr 

oxide leads to the increase of the catalysts stability. 

There are two types of self-sustained oscillations of the reaction rate and selectivity. 

The oscillations observed for preoxidized Pt-LaNi03'Ce-Zr-0/A}z03 and Pt/ Ce-Zr-O/Ah03 

catalysts could be caused by changes of the catalyst state due to carbon deposit. The "low 

frequency" oscillations observed only for prereduced Pt-LaNi03/Ce-Zr-O/Alz03 seem to be 

related with the oxygen transportation in Ce-Zr-0 secondary layer. 

REFERENCES 

I. S. C. Tsang, J.B. Claridge, and M. L. Green, Catal. Today, 23 (1995) 3. 
2. R. Burch and S. C. Tsang. Current Opinion in Solid State & Materials Science, 2 (1997) 90. 
3. L. D. Schmidt and D. A. Hickman, Science 259, (1993) 343. 
4. L. D. Schmidt, Stud. Surf. Sci. Catal., NGC V, 119 (1998) 685. 
5. J.C. Slaa, R.J. Berger, and G.B. Marin, Catal. Lett., 43, (1997) 63. 
6. H. Y. Wang and E. Ruckenstein, J. Phys. Chem. B 103, (1999) 11327. 
7. J.H. Bitter, K. Seshan, and J. A. Lercher, J. Catal. 176 (1998) 93. 
8. S. N. Pavlova, V. A. Sadykov, N. F. Saputina, V. I . .zaikovskii, AV. Kalinkin, G. N. Kustova, S. V. 

Tsybulya, I. A. Zolotarskii, R. V. Bunina, and S. F. Tikhov. CHISA-98, Summaries, 2, P7.24, 72. 
9. S. N. Pavlova, V. A. Sadykov, V. N. Parmon, I. I. Bobrova, I. A. Zolotarskii, V. A. Kuzmin, A. 

N. Salanov, R. V. Bunina, N. F. Saputina, 0. I. Snegurenko, Z. Yu. Vostrikov, EUROPACAT, 
September, 2001, Abstracts, Book 4, 5-0-04. 

10. J.R.H. Ross, A. N. J. van Keulin, M. E. S. Hegarty, and K. Seshan, Catal. Today, 30 (1996) 193. 
11. Z.Tian, 0. Dewaele and G.B.Marin, Catal.Lett.,57, (1999) 9. 

353 



PP-32 
CATALYTIC SYNTHESIS OFVERBANOL FROM a-PINENE DERIVATIVE 

I. L. Simakova, V. A. Semikolenov 

Boreskov Institute of Catalysis, Prospekt Ak. Lavrentieva 5, Novosibirsk 630090, Russia 

Tel.: +7(3832) 341222 Fax: +7(3832) 343056 E-mail: simakova@catalysis.nsk.su 
,·· 

INTRODUCTION 

The perspective consumption of a-pinene (the main component of cheap large-tonnage 

product turpentine) is synthesis of medicines, fragrances and vitamins. The catalytic (Ni, 

Pd, Pt) hydrogenation of verbenol prepared by a.-pinene oxidation gives saturated alcohol 

verbanol that is used in the fragrance syntheses. So verbanol can be converted in fragrance 

3,4,6-trimethylhept-5-enal with strong lemon aroma. Hydrogenolysis of verbanol results in 

o-menthol that has a mild sweet odor somewhat suggestive of cloves and in this respect is 

unlike ordinary menthol. Because of its pleasant odor, it is useful in scenting soaps, cosmetic 

bases and in other perfumery applications. When converted to its salicylic ester it is useful as 

sun screening compound having optimum ultra violet filter properties, while other aromatic 

and aliphatic esters, preferably the higher ones, are useful as plasticizers, lubricants, cosmetics 

and the like [1]. 

H 300°C 

o-menthol verbanol 3,4,6-trimethylhept-5-enal 

Although verbanol is theoretically capable of existing in twelve possible forms ( eight 

optically active and four racemic) only a few of these have been isolated in pure form. Thus, 

hydrogenation of cis- and trans-verbenol is known to result in stereoisomers with different 

reactivities: [1,2,3]: 

verbanol 

trans-verbenol 

isoverbanol 

neoisoverbanol 
cis-verbenol 

neoverbanol 
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According to [ 4] hydrogenation of cis-verbenol leads to cis-verbanol whereas 

hydrogenation of trans-verbenol gives trans-verbanol, but their structures are not drawn. The 

comparison of parameters of verbanol isomers patterns with ones of verbanol isomers 

obtained permit authors to conclude that cis-verbanol is neoisoverbanol and trans-verbanol is 

isoverbanol [2]. Authors [3] report that isomers content depends on catalyst employed. Thus, 

trans-verbenol hydrogenation over platinum oxide leads to isoverbanol (91 %) and verbanol 

(9%) formations whereas hydrogenation of trans-verbenol over Pd/C gives isoverbanol (55%) 

and verbanol (45%). Catalytic hydrogenation of cis-verbenol yields neoisoverbanol [3]. 

However the reasons causing definite isomer formation as well as kinetics of verbenol 

hydrogenation haven't been yet considered in literature. 

Earlier it has been found that the stereoselectivity of a-pinene hydrogenation over 

Pd/C into cis- and trans-pinane isomers is determined by hydrogen pressure and reaction 

temperature. Thus, cis-pinane content increased with hydrogen pressure growing and 

temperature decreasing [ 5]. 

The aim of this work is to study the general peculiarities of verbanol isomers synthesis 

by verbenol hydrogenation over Pd/C. 

EXPERIMENTAL 

Verbenol (cis-/trans-isomer mixture) was obtained by a-pinene air oxidation followed by 

vacuum distillation of a-pinene excess and borate ester rectification from verbenon [6]. Solution 

of verbenol (0.02 mol) in n-butanol (10 cc) was hydrogenated over 4% Pd on carbon support 

Sibunit (5-50 µm) in stainless steel autoclave (150 ml) supplied with electromagnetic stirrer. 

Reaction mixture was separated from the catalyst and products were analysed 

chromatographically using 7 m x 3 mm column, Silicone SE 30/ Chromaton N-A W. 

The reaction products were identified by VG-7070 GC/MS using a 25 m x 0.2 quartz 

capillary column (Silicone SE-30). 

RESULTS AND DISCUSSION 

Routes of verbanol isomers formation 

According to the GLC analysis there are two products of verbenol isomers 

hydrogenation over Pd/C in the course of reaction. The side products of the cycle opening are 

not observed. The quantity of hydrogen absorbed corresponds to the verbenol hydrogenated 
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during the reaction. So the time 

dependence of hydrogen uptake is 

converted into time dependence of 

verbenol concentration expressed m 

relative units as ratio between current 

total products concentration (C) and 

initial (Co) concentration of verbenol 

isomers mixture. Two linear parts on the 

kinetic curves of verbenol hydrogenation 

1 ,o verbenol 

~o 0,8 
O' 

0 E o,6 

~ 
C 0,4 
Cl) -5 0,2 

(.) 
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1,0 
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o,o- ~-~____._-~~-_____.__~~_._-~ 
0 400 800 1200 1600 

Time.s 

Fig. 1. Kinetic curve of product mixture formation. 
Reaction conditions: verbenol - 0.154 mol/1, PH2=11 
bar, T=50°C, 0,2 g 4%Pd/C. 

have been found: sharper at the beginning and 

slower at the end (Fig. 1). It indicates that 

reactivities of cis- and trans-verbenols presenting 

in the initial mixture differ substantially. 

Fig. 2. Effect of verbenol conversion on According to the GLC analysis (Fig. 2) 
verbanol isomers content. 
Reaction conditions: verbenol _ 0.154 mol/1, neoisoverbanol formation occurs preferably at the 

0.4 g 4%Pd/C, T=40°C, PH2=l l bar. initial verbenol conversion range and isoverbanol 

starts to form at verbenol conversion more than 30% (Fig 2). It permits to suppose that in the 

beginning of verbenol conversion (up to 40%) the hydrogen uptake corresponds to cis­

verbenol hydrogenation to form neoisoverbanol 

cis-verbenol ~H neoisoverbanol 

and at higher verbenol conversion the rate of hydrogen uptake corresponds to the rate of 

trans-verbenol into isoverbanol hydrogenation: 

trans-verbenol ~ 
OH 

~ isoverbanol 

~H · 

Some increase of neoisoverbanol content (at verbenol conversion more than 30%) 

inay be caused by isomerization of trans-verbenol into cis-verbenol over catalyst surface: 

trans-verbenol ~ . 
·. 

OH 
cis-verbenol 

OH 
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The linear character of kinetic curve (Fig. 1) indicates that verbenol isomers 

hydrogenation rates . have the order on corresponding isomer concentration close to 0. 

Verbenol is seemed to adsorb strongly over the Pd surface and the limited step may be the 

interaction of it with hydrogen adsorbed. 

Cis-/trans verbenols hydrogenation rate constants ratio is calculated: kcilkrrans = 2,1 at 

40°C. Higher reactivity of cis-verbenol seems to be explained by favorable mutual orientation 

of -OH and -CH3 functional groups in this molecule. 

Kinetic peculiarities 

Effect of catalyst concentration 

Dependence of initial hydrogenation rate (W 0) upon catalyst concentration is linear in 

the range of explored temperatures and hydrogen pressures. It demonstrates the absence of 

hydrogen mass transfer limitation during experiments. 

Effect of PH2 

Dependence of initial hydrogenation rate (W 0 ) upon hydrogen pressure is of linear 

character. It indicates that hydrogenation rate has the first order on hydrogen pressure. 

The hydrogen pressure increase favors the isoverbanol formation (Fig. 3a). The 

decreasing of PH2 causes the hydrogen adsorbed concentration diminution. The lack of 

hydrogen on the catalyst surface at low PH2 seems to intensify the process of trans-verbenol 

isomerization into cis-verbenol. 

0 al 1,8 
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Fig. 3. Effect of PH2 (a) and temperature (b) on the isoverbanol/ neoisoverbanol ratio. Reaction 

conditions: verbenol - 0.154 mol/1, 4% Pd/C - 0,2 g, a) T=50 °C, b)J>H2=l l bar. 

Effectof the temperature 

The observed verbenol hydrogenation rate has been found to increase as the reaction 

temperature grows. Activation energies of verbenol hydrogenation were estimated to be 45.8 kJ/mol 

at the low temperature range (up to 60°C) and 8.8 kJ/mol at higher one. 
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Note that the ratio of isoverbanoVneoisoverbanol doesn't change up to 60°C but declines at 

higher temperature (Fig. 3b ). The rise of temperature seems to lead to the decrease of hydrogen · 

adsorbed concentration on the catalyst swface and to the cis-verbenol into trans-verbenol 

isomerization. 

CONCLUSION 

The general peculiarities of verbanol synthesis by verbenol hydrogenation over Pd/C 

in mild conditions have been studied. The routes of verbanol isomers formation including the 

isomerization of verbenol isomers have been proposed. The main factors that force the 

hydrogenation process to turn to the definite verbanol isomer production were found to be 

hydrogen pressure and reaction temperature. Thus, isoverbanol/neoisoverbanol ratio increases 

with hydrogen pressure growth and temperature decrease ( down to 60°C) in the course of 

hydrogenation over the Pd/C catalyst. Macrokinetic data of verbenol isomers hydrogenation 
J 

have been obtained. 
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Abstract 

In the present work, some data on catalytic combustion of one of the most widespread 

vegetative remainders - rice husk are adduced. The rice husk is used not only as a fuel, but 

also as a source of silicon for semiconductor industry, the synthesis of silicon carbides and 

silicon nitrides, etc. We studied the rice husk oxidation in the vibrofluidized bed :0f either a 

catalyst or an inert material in conditions allowing to reproduce with an adequate accuracy the 

data on scraps combustion in the dense and unloaded phase of the fluidized bed. 

It is found, that the process of the rice husk combustion is localized completely in the 

bed of the catalyst. In the bed of an inert material the process occurs in a space above the bed; 

consequently, exhausts contain a fair quantity of CO. Studies on solid products of the rice 

husk combustion has shown that their texture is determined mainly by silicon, which is 

contained in rice husk as amorphous silicon SiO2•nHzO. The adsorption ability of these solid 

products in respect to methylene blue (MB) is investigated. With increasing of the process 

temperature, the value of limiting MB adsorption by the solid products passes through a 

maximum at the process temperature 600°C. It is found, that the values of the limiting MB 

adsorption for the · solid combustion products in the bed of the catalyst exceed those for solid 

products obtained iri the bed of an inert material. 

Under discussion are also some distinctions_ of the process of rice husk processing in 

the vibrofluidized beds of either catalyst or inert material. 

Introduction 

Biomass is the most ancient source of energy for humans. Till now wood fuel remains 

the main energy _source in many countries of the world [l]. Important sources of biomass are 

now also vegetative remainders (wheat and com straw, chaff, rice and oat husk, etc.). The 

traditional combustion of biomass in a torch furnace at 1200-1600°C for power purposes has 

an essential disadvantage due to high emission of toxic substances with exhaust gases (CO, 

nitrogen and sulfur oxides, benzpyrenes, and other). 
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In the fluidized bed of inert particles, the process of solid organics combustion . is 

essentially intensified in comparison with combustion of those in a fuel-bed furnace due to 

more vigorous transport of air oxygen to solid fuel particles [2]. A capability to burn the 

pulverized solid fuel in the fluidized bed makes this process· similar to the torch burning with 

an advantage, that it is possible to regulate the residence time of the fuel particles in the bed 

and to achieve a high burn-off of the fuel at rather low temperatures of the bed 850-1000°C. 

However, in this case the concentration of the toxic substances in the exhaust gases also 

remains high enough. 

A technology of the fuel combustion in the fluidized bed of catalyst, which was 

developed by the Boreskov Institute of Catalysis of SB RAS on an industrial scale [3,4], 

avoids many disadvantages of the conventional high temperature combustion of the fuel. The 

technology is based on a combination of four principles: use of heterogeneous catalysts for the 

complete oxidation of combustibles; combustion of fuels in the fluidized bed of the catalyst 

particles; combustion of the fuel without a significant excess of air; coupling the processes of 

heat generation and removal within the same fluidized bed. 

The catalytic combustion differs essentially from the burning in traditional 

understanding, since the fuel is oxidized on the surface of solid catalysts without a flame 

formation [ 5]. The catalyst action during the complete oxidation ( or heterogeneous burning) 

of the fuel-air mixes is based on the interaction of fuel components with superficial oxygen of 

the catalyst with the sequential regeneration of the restored surface of the catalyst by oxygen 

from the gas phase. Depending on the catalyst activity, the process of complete oxidation of 

many combustibles can proceed even at 250-300°C. Compared with the known combustion 

methods, the catalytic combustion allows: 

- to .decrease the temperature of organic fuel combustion from 1200-1600°C to 300-700°C; 

- to mitigate requirements for thermochemical stability of furnace construction materials 

and reduce an erosion of apparatus; 

- to diminish heat losses through the apparatus wall; 

- to improve explosion safety of the heat generating installations; 

- to reach high (up to 5 •108 kJ/m3hr) values of the power loading during the fuel oxidation 

with a significant decrease of the size, weight and metal consumption of the installations; 

- to exclude secondary endothermic reactions which form toxic products. . . 
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Basing on the new te~hnology a variety of apparatuses has been designed for the 

heating and evaporation of liquids, materials drying and heating, detoxification of industrial 

gaseous, liquid, and solid wastes; and so on. 

In this work, we present some experimental data on the catalytic combustion of one of 

the most widespread vegetative remainders - rice husk (RH). The RH is widely available in 

many southern countries and used now not only as a fuel, but also as a source of silicon for 

semiconductor industry, the synthesis of silicon carbide and silicon nitride, etc. [6]. We 

studied the RH oxidation in the vibrc,fluidized bed of both a catalyst and an inert material in 

conditions allowing to reproduce with an adequate accuracy the data on scraps combustion in 

the bubble and emulsion phase of the fluidized bed. 

Experimental 

In this work we used the rice husk from Vietnam. Table 1 shows the chemical 

composition of RH under investigation. 

Table 1. Some chemical characteristics of the rice husk under investigation 

General analysis,%* 

Volatile substances 70.2 

Fixed carbon 14.1 

Ash 15.7 

Elemental analysis,%* 

C 43.5 

H 5.5 

0 35.2 

N 0.05 
s 0.02 

0.01 

Ash 15.7 
* -% wt. on dry substance 

The scheme of the laboratory-scale plant for the RH combustion in the vibrofluidized 

bed of the catalyst or an inert material is presented in Fig. 1. The reactor (1) was a stainless 

steel cylinder 23 mm in diameter and, 1 PO mm in height. The bottom of the reactor was made 
'\, ( '-· 

of a stainless steel net with sell of 0,5 nftn. The reactor was loaded either by an inert material 

(river sand) or catalyst (16.6 cm3 each) with th_e particles of 1.5-2.0 mm in diameter. Then one ,. 
turned on an electric heater (2) and vibrator (5). The frequency of the reactor oscillations was 

equal to 50 Hz, the vibrational amplitude was equal to 1 mm; The temperature in the reactor 
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was controlled with a thermocouple. As the temperature in the reactor achieves the operation 

level, the crushed RH particles (0.2-0.4 mm) were fed with the supply rate 4.6 g/hr. The total 

supply of air into the reactor and to a husk feeder (8) made up 55 L/hr. The outlet gas mixture 

was cooled in a hea exchanger (4). Further, the solid combustion products were separated in a 

cyclone (6) and collected in a bunker (7). 

The concentrations of CO, CO2, CH4, H2, SO2, 02 in the flue gas were determined 

with gas chromatography. 

A commercial CuCr2O4/y-AliO3 (IC-12-70) catalyst with 15% wt. of the active 

component was used for the experiments. 

10 

9 

Air 

8 
/ 

Outlet 

Analysis 

7 
/ 

Fig. 1. The scheme of the laboratory-scale plant for the RH combustion in the vibrofluidized bed of 

the catalyst or an inert material 

1. Reactor 6. Cyclone 

2. Electric heater 7. Tank for ash 

3. Fleat isolation 8. Screw feeder with tank 

4. Heat exchanger 9. Air flow regulators 

5. Vibrator 10. Rotameters 

362 



PP-33 
The initial RH humidity was determined by weighting the samples after their drying at 

120°C for 4 hours. The quantity of volatile substances in the RH was determined by weighting 

the dried samples after their heating 850°C for 7 minutes. The content of ash, organic part in 

initial RH and products of the RH combustion was determined by the weighting of the 

samples after their calcination at 800°C in air for 2 hours. The bum-off of the RH was 

calculated with the formula: 

13 = As - Ao/As (1 - Ao), 

where Ao is the ash fraction in the initial dried RH sample, while As is the ash fraction in the 

solid combustion products. 

The composition of the mineral part of the initial RH was determined by an VRA-20 

X-ray fluorimeter (Germany) with a fluorescent analyzer. 

The morphological analysis of the initial RH and products of the RH combustion was 

determined with auto-emission high-vacuum raster electronic microscope BS-350 

(Czechoslovakia). 

The «bleaching» adsorption from water ability of the RH processing products was 

determined with the methylene blue (MB) adsorption [7]. A commertial activated birch coal 

was used for comparison. 

Results and discussion 

Combustion of rice husk 

The RH under investigation contained 15.7% of ash, 14.1 % of the fixed carbon and 

70.0% of volatile substances {Table 1). The RH ash consisted of94% of silica and also 2.5% 

of potassium, 0.6% of calcium, 0.4% of magnesium and 0.2% of manganese. The content of 

sodium, aluminium, iron, phosphorus and sulfur in the ash was less than 0.1 % wt. content of 

another elements in the ash was less than 0.01 % wt. 

Fig. 2 shows a change of the RH bum-off in dependence on the vibrofluidized bed 

temperature. The RH bum-off increases by 5-10% with the rise in the temperature from 500°C 
. . 

to 700°C both in the bed of the catalyst, and in the bed of sand. It is seen that the difference in 

the RH bum-out values for the catalyst and sand beds is unsignificant. 

Much more significant is change of the CO and CO2 concentration in the flue gas (see 

also Fig. 2). CO in flue gas afte,r, the catalyst bed is practically absent in the all temperature 

interval 500-700°C, i.e. the process of the combustion of both yolatile compouµds and C~ is 
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completely localized in the bed of the catalyst. On the contrary, in the bed of the sand, the 

process of the combustion appears to be not finished and the flue gas contains fair quantity pf 

CO, the CO concentration exceeding 0,5% vol. even at 700°C. 
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Fig. 2. The RH burn off (1), (2),and concentrations of CO (3), (4) and CO2 (5), (6) in the flue gas vs. 

the te~perature of the rise husk combustion in the vibrofluidized beds of the catalyst and inert 

material (sand), respectively. 

Structural, textural and adsorption characteristics of solid products of the RH combustion 

Of a top practical interest seem to be characteristics of the ash (i.e. solid products) of 

the RH combustion. 

A typical texture of the RH ash external surface according SEM is shown in Fig. 3a. 

The' solid products of the RH combustion i~ the vibrofluidized catalyst or sand bed at the 

temperature of 500-700°C have similar texture due to high contents of silica in the RH 

external epidermis [6]. A lateral chip of an ash particle, obtained at the RH combustion in the 

vibrofluidized bed of the catalyst at 700°C, is shown in Fig. 3s. Together with the well saved 

structure ofthe external epidermis (1), the structure of the RH internal layers (tubular (2) and 

spongy (3) p;ttenchyma), which ~ontain small quantity of silica, is also kept safe. · 

The X-ray diffraction analysis showed, that both initial RH and the solid RH combustion 

products in the catalyst bed at 500~700°C have no crystalline phases. The solid products, obtained 

at the RH combustion in the sand bed at 500°C, have no crystalline phases too. However, in the 

solid products, obtained at the 'RH combustion' in the sand bed at 600-700°C, a.-tridymite 

and a-cristobaiite crystalline phases of silica are detected. 
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Fig. 3. Scanning electron micrographs (SEM) of the rise husk after its treatment in the in the 
vibrofluidized bed of either the catalyst or sand at 700°C: . 
A - outer surface of rise husk ash; 
B - lateral chip of the ash particle (1 - epidermis; 2 - tubular parenchyma; 3 - spongy 

· parenchyma) 
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Some texture and adsorption characteristics of solid produc~1 obtained at different 

¥ 

temperatures of the RH combustion, are given in Table 2. With the ptbcess temperature rise · 
! 

from 500 to 700°C, the specific surface of the solid products, whiqh are obtained in the 
I 

catalyst bed, increases in value. In the case of the sand bed, the tempe~ture rise from 500 to 

600°C leads to an increase of the specific surface, while at 700°C its value sharply decreases. 

The total pore volume of the solid products (Table 2) varies in the same way. The values of 

the specific surface and total pore volume of the solid products, obtained at the RH 

combustion in the catalyst bed, exceed considerably the corresponding values for the products, 

obtained in the bed of the sand. 

Table 2 shows also the adsorption ability of the solid products of the RH combustion 

m respect to methylene blue (MB). With increasing of the RH process combustiong 

temperature, the value of the limiting MB adsorption passes through a maximum at the 

process temperature 600°C in both cases. However, the values of the MB adsorption for the 

solid products, obtained in the catalyst bed, exceed those for the products, obtained in the bed 

of the sand, by a factor of 1.5-2.0. Note, that this value is only in 2.5 times less, than the value 

of the MB adsorption for an industrial activated coal (Table 3). 

·. 
Table 2. Some texture and adsorption characteristics of the solid products of the rice husk combustion 

and a commercial activated coal 

Temperature, °C Specific surface, Pore volume, cm3/g Adsorption of MB, mg/g 
m2/g 

Sand IC-12-70 Sand IC-12-70 Sand IC-12-70 

120* 1.1 0.005 -
500 126 160 0.13 0.15 20.0 42.5 

600 156 189 0.15 0.17 42.5 52.5 

700 124 207 0.15 0.18 25.0 47.5 

900** 730 0.49 137.5 

* - initial rice husk after drying 

** - a commercial birch activated coal 

Table 3. The experimentally measured temperature of particles of active sludge during their 

combustion in the beds of a catalyst and sand (according to [13,141) 

Temperature of the bed, °C Temperature of particles of active sludge, °C 

Catalyst Sand 

500 500 540 

600 600 750 

700 730 900 
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Discussion 

An important feature of free fluidized bed of solid particles is its non.:.unifonnity in the 

volume and time. Inside the bed, one can distinguish two phases, which are subsequently 

replacing each other: there are gas bubbles and clusters of the bed particles ( or the so called 

emulsion phase). The mass transfer between the emulsion phase and bubble occurs through 

the external boundary of the bubble. The main quantity of the gas, which exceeds quantity 

necessary for the fluidization, passes through the bed as the bubbles · [8]. However, the 

filtration of the gas through the emulsion phase is also significant. In the case of the 

fluidization of large particles with more than 1.5 mm in diameter, the value of the filtration 

flow achieves 45% over the quantity of the gas necessary for the fluidization [2]. 

The particles of solid fuel with the size being equal to or exceeding the size of inert 

particles of the fluidized bed, burn out predominantly in the emulsion phase. The small-size 

particles bum out in the emulsion phase as well as in the bubbles. The porosity of the 

vibrofluidized bed depends on the vibration conditions. At the top-to-down filtration of the 

mixture of air and solid fuel small-size particles, the vibrofluidized bed remains 

homogeneous. Therefore, the data obtained in present work for the RH combustion in the 

vibrofluidized bed of an inert material or catalyst reproduce precisely enough the process of 

the RH combustion in the fluidized bed of the same material. 

Generally, in the vibrofluidized or fluidized bed of inert particles the combustion of 

solid fuels, proceeds in three stages [9]: (1) initial heating of the fuel particles, which 

stimulated the emission of volatile substances and the coke formation; (2) combustion of these 

volatile substances in the gas phase; (3) combustion of the coke. At the combustion of large 

fuel particles the emission of the volatile substances occurs mainly before the ignition of the 

coke and the substances burn out in the gas phase, with heating and activating the particles of 

the coke. The heated particles of the coke promote the combustion of volatile substances. On 

the other hand, the emission of the volatile substances retards transport of oxygen to the coke 

surface. Therefore, the coke combustion proceeds only after the burning-out of the volatile 

substances, with the temperature of burning particles being by 100-300°C higher, than the 

temperature of the fluidized bed of an inert material [9-11]. 

In the case of the combustion of small-size particles of RH, the coke ignition occurs 

before the completing emission of the volatile substances, and thus the burning of the coke 

and volatile substances proceeds in the same time. The burning-out of volatile substances is 

not completed in the bed of inert material; for this reason the exhaust gases contain a 
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significant quantity of CO (Fig. 2). However, in this case a flame shell around the RH 

particles is also formed. Burning of CO-'and volatile substances in the flame shell leads to 

decreasing the oxygen transport to the particles surface. As a result, the temperature of the 

burning RH particles exceeds considerably the temperature of the vibrofluidized bed bulk. It is easy 

confirmed by visual obs~rvations as well as by the presence of a-tridymite and a-cristobalite 

crystalline phases in the solid products of the RH combustion at temperature 600-700°C, since the 

formation of a-tridymite and a-cristobalite crystalline phases is possible only at temperatures 

above 900-1000°C [12]. 

The replacement of inert particles in the vibrofluidized bed by the catalyst particles 

does not change the general scheme of the RH combustion. However, in this case, the 

evolving volatile substances are oxidized mainly on the catalyst surface, for example, 

according to scheme: 

CO+ [OJ =CO2+ [ ] (1) 

02 + 2 [] = 2 [O], (2) 

where [] stands for an oxygen vacancy on the catalyst surface; [OJ is surface oxygen of the catalyst. 

The catalytic CO and volatile substances oxidation results in an increase of the oxygen 

concentration near the RH particles and increase the bum-off of those. At the same time, the 

temperature of the oxidized RH particles does not exceeds the temperature of the 

vibrofluidized catalyst bed, and thus a flame shell round the burning particles is not formed. It 

is also confirmed by visual observations and by the absence of any silica crystalline phases in 

the ash. Earlier, the same phenomenon was observed at the combustion of active sludge in the 

fluidized catalyst bed [13,14], where the flame shell is not formed and the temperature of the 

sludge particle practically was equals to the temperature of the bed (Table 3). This experiment 

was carried out with placing the active sludge globules of5-8 mm in diameter in the fluidized 

bed of the sand or catalyst, a thermocouple being set in each granule. The temperature was 

fixed during the burning-out of granule.';·.· 

At 500°C, the bum-off of RH achieves'85-90% in the bed of the catalyst as well as in 

the bed of an inert material (Fig. 2). It means that practically all volatile substances as well as 

main part of fixed carbon (Table 1) bum-out at 500°C. At the consequent increase of the 

combustion temperature up to 700°C, the bum-off is increased only by 5-10% (Fig. 2). It is 

known [2,8-11], that a heterogeneous combtistion of the coke carbon is the most long stage 
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which limits the overall process of the solid organic substances combustion. The interaction of 

carbon and oxygen is determined by summary reactions: 

(3) 

2C + 02 =2CO; (4) 

CO2+ C=2CO; (5) 

2CO + 02 = 2CO2. (6) 

The last reaction (6) in the absence of water proceeds with a noticeable speed at 
. ' 

temperatures above 700°C. In the presence of water, CO is oxidized according to a free radical 
::; ,:,; : . 

mechanism under lower temperatures. The oxidation of carbon with carbon dioxide, according to 
·,~ ..' •; .. 

thermodynamic equilibrium ofreaction (5), is possible only at temperatures above 600°C [15]. 

The rate of the coke combustion depends on the both kinetic factors of the interaction 

of carbon with 02 and CO2 and the transport of oxygen to the carbon surface through a 

boundary gas layer around the burning particle [ 16]. 

It is widely accepted that the process of the coke combustion in the fluidized bed of inert 

material is restricted by the diffusion of oxygen to the coke surface [2,8-11]. In the low temperature 

region (below 800-900°C), the combustion proceeds according to reactions (3) and (4). CO forms 

in reaction (4), is oxidized in the coke boundary layer and also reduces the concentration of oxygen 

at the coke surface. In addition, the particles of the inert material in the emulsion phase of the 

fluidized bed enclose coke particles. This enclosing leads to slowing down of the oxygen transport 

to the carbon surface. The ash shell, which is formed around the coke particles during the carbon 

burning, also leads to slowing down ofox:ygen supply to the carbon [17]. 

As it was already mentione<i 1~bove, iri the fluidized bed of inert material, the 

temperature of the burning carbon particles is by 100-300°C higher, than the temperature of 

the bed bulk. Consequently, if the temperature of the bed equals to · 600-700°C, the carbon 

particles are heating up to 900-1000°C, f111d the combustion of carbon according to the 

reaction (5) is possible. It results in an increasebf the CO concentrati~on in the boundary layer 

near the coke particles and a decrease in the oxygen concentration on the coke surface at the 

CO oxidation according to the reaction (6).: 

At the presence of the catalyst, the coke combustion in the temperature interval 500-700°C 

proceeds via the reacti~ns (3) and (4). However, in this cas~, the catalyst makes a significant 
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contribution to the reaction (5) as provided by the schemes (1) and (2). That results in an 

increase of the oxygen concentration in the boundary gas layer around the coke particles. 

Though the temperature of coke particles in the vibrofluidized bed of an inert material is 

neighbour to those for the catalyst bed (Table 3), the coke burn-off in the catalyst bed appears 

to be a little bit greater or equal to the coke burn-off for the inert material bed. This seems to 

be a result of increasing the oxygen concentration in the boundary layer around the burning 

coke in the catalyst presence (Fig. 2). 

Conclusion 

Thus, the presence of the catalyst allows to achieve a sufficiently high bum-off of the RH at 

the same temperature of the vibrofluidized bed and particles of the RH. ·This process appears to be 

environmentally benign, since in the flue gas after such the combustion there are no products of 

partial oxidation of organics like CO even at rather low bed temperature 500°C. Of importance is also 

that the process enables to obtain in one stage, i.e. without additional stage of the coke activation, 

some valuable solid products with a high specific surface and good adsorption properties. Indeed, 

such solid product can be of large practical interest for the rise growing countries. 
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Abstract 

Experimental data on the effective radial thermal conductivities and wall heat transfer 

coefficients of cylindrical beds formed of 4-hole and 52-hole cylindrical pellets, 6-spoke 

wheels and 3-hole trilobed particles are presented. A model with a linear variation of the 

radial thermal conductivity in the vicinity of the wall is proposed for description of the radial 

heat transfer in the packed bed. The model allows simple correlation between the wall Nusselt 

number and the bed core effective radial thermal conductivity. The model does not require 

any additional empirical parameters for the description of heat transfer in packed beds of 

different shaped particles. 

1. Introduction 

In order to develop tubular packed bed heat exchangers, adsorbers and chemical reactors 

reliable prediction of heat transfer from the tube wall to the packed bed is very important. A 

quasi-homogeneous, two-dimensional model is usually used for interpretation of the primary 

experimental results (temperature distribution in packed beds with fluid flow). Uniformity of 

flow velocity and radial thermal conductivity in the packed bed is assumed, the axial 

dispersion of heat is neglected and a boundary condition of the third kind is used at the tube 

wall [1]. Following many authors let call this model the "Standard Dispersion Model., (SDM). 

This model has two parameters for description of the radial heat transport: the wall heat 

transfer coefficient aw and the effective radial thermal conductivity A.er-
. , 

The main disadvantage of the SDM is the prediction of unrealistic fluid temperature near the 

wall because of the artificial boundary condition of the third kind at the tube wall (the concept 

of temperature jump at the wall). As a result the reaction rates in packed bed reactors can be 

predicted incorrectly. To avoid this problem another assumptions on the heat transport 

mechanism close to the wall are necessary. 
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The concept based on locally varying radial thermal conductivity Ae,.(r) due to the near-wall 

porosity and velocity changes has gained ground in the last time. Such models are called · 

le,.(r)-models and used the natural boundary condition of the first kind at the wall (condition 

of constant wall temperature). For example, Botterill and Den.Joye [2] separated the packed 

bed into a core and a wall region of d,,12 thickness (dp - the diameter of equivalent-volume 

sphere) with two different radial dispersion coefficients. Cheng and Vortmeyer [3] published 

a functional relation between radial thermal conductivity and local values of porosity and 

flow. The thickness of a wall region was assumed to equal to 2.5 dp. Tsotsas and Schlunder 

[4] obtained the distribution function of radial thermal conductivity of the packed bed on the 

ratio between the thermal conductivity of the particles and that of the fluid. Characteristic 

thickness of the wall region with varying radial thermal conductivity can be estimated from 

calculations of Tsotsas and Schlunder as about 1.5 dp, then the radial thermal conductivity 

practically does not depend on the radial position. Winterberg et al. [5] and Winterberg and 

Tsotsas [6] recommended a two-region model with radial dispersion coefficients depending 

on the near-wall channelling effects. The convective part of the radial thermal conductivity in . 

the wall region was modelled as a quadratic function of the radial coordinate. Winterberg and 

co-workers concluded that a constant value of wall region thickness could be used to describe 

the experimental data with satisfactory results. For packed beds of spheres the thickness of the . 

wall region was found about 0.44 dp [5]. In beds packed with cylindrical particles the 

thickness of the wall region - about 0.4 dp [6]. 

At present work a two-region model with a linear variation of A.er in the vicinity of the wall is 

proposed for description of heat transfer experiments in packed beds of shaped particles. 

A (r) = { Aer,core 
er A (r) 

er,5 

for O 5: r 5: R - 8 

for R - 8 5: r < R 
{I) 

In the packed bed core the effective radial thermal conductivity A.er.core does not depend on 

radial position r. In the wall region of 8 thickness Aer,a(r) changes linearly from the fluid · 

thermal conductivity AJ' at the wall (r = R) to the effective radial thermal conductivity·Aer.core in 

the bed core: 

for R - 8 5: r < R (2) 

This model successfully describes experimental data for beds packed with spheres, cylinders 

and Rashig rings {Smimov et al. [7]). One of the virtues of the model is possibility to 
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calculate the thickness of the wall region by one formula for particles of different form. The 

equivalent hydraulic diameter of the packed bed 

d = 4-sbed 
eqv ao . (1- sbeJ (3) 

is used as the characteristic thickness lf of the wall region. Here &bed - bed porosity without 

account of porosity of grains; a0 - the specific surface of one solid particle. 

2. Experimental 

Measurements of temperature fields in packed beds were performed in steady state experiments 

without chemical reaction in the tube with inner diameter equal to 84 mm. Test section 650 mm 

high was cooled from outside by water with flow rate about 25 litres per minute, that guaranteed 

constant temperature at the inner wall of the tube Tw. Hot air was cooled while passing the tested 

bed and its temperature was measured in 144 points directly over the layer. Temperature fields 

were measured at several heights of the layer. Superficial velocities of the air were varied in the 

range 0.2+2.0 mis. Bed porosities were measured by a weighting method. Physical properties of 

the air were considered to be constant in the whole test section. 

The effective radial thermal conductivity A.er.core and the wall heat transfer coefficient aw in the 

packed bed were determined by fitting the SDM-solution to the measured temperature field 

using the method of least squares. In this work the experimental heat transport parameters 

were determined using only the temperatures measured in the bed core or at the distance 

larger than 8 = deqv from the wall. 

Thereby we assume that the heat transport within the core region is characterised in the same 

manner as the one-region SOM, the fluid temperature at the tube wall is Tw, and the 

temperature jump (from ?oundary condition of the third kind for SOM) takes place within the 

wall region. Obtained fro~· the SDM value of aw defines the heat flux from the packed bed to 

the wall and can be used as a criterion for experimental verification of a chosen model (see 

the following chapter). 

3. Correlation between Nuw and ~r,core 

Proposed two-region model allows correlation between experimentally determined SDM­

parameters. It results in a simple correlation between the wall Nusselt number and the bed 

core effective radial thermal conductivity. 

The wall heat transfer coefficient is defined as: 
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a = qR . 
w TSDM -T 

r=R w 

(4) 
·.>· 

where T,.5,:'t is the gas temperature at the tube wall calculated from the SDM, qR - the heat 

flux to the wall. 

Let us assume that the heat flux in the wall region does not depend on radial position. In this 

case the temperature jump T,5;',t - Tw predicted by the SDM can be calculated. 

According to the SDM 

.and 

oT 
q R = -A.er core -; • · R - 0 ~ r ~ R · ' or 

SDM 0 
T,=R - T,=R-6 = -q R -A,--

er,core 

According to the two-region A.e,(r)-model 

and 

R 

T T - - f dr 
w - r=R-6 - -qR A ( ) 

· . R-6 er.6 r 

From Eqs. (6) and (8) it follows: 

soM Rf· dr o 
T -T =q · ---q --

r=R w R A, ( ) R A, 
R-6 er ,8 r er ,core 

Substituting Eq. (9) into Eq. (4) we find the relation between aw and A-er.core: 

· 1 Aer core 

aw= R dr O ~ [ (A· J ] f ------ 0 In er,core 1 
R-6 A-er,6(r) A,er,core • T -

The wall Nusselt n~ber ( defined through the wall region thickness bY is: 
• .! ; , "r · .• 

1.:,. Nu = aw8 = A:,co,e 
w , In ,. 

Al Aer,core -1 

. . 
where l er.core= Aer.corelA,r. 
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4. Results 

The general correlation for the effective radial thermal conductivity of the packed bed is 

commonly written in the form: 

i:,core = A~ + K · RePr (12) 

where A* bed= Abed IA,!, and K - the convective heat transport parameter. 

Table 1 presents the values of Kexperimental, which satisfy the Eq. (12) for experimental 

dependences of SOM-parameter A •er.core on Reynolds number. It was estimated that A *bed= 10 

for all studied ceramic particles (Prandtl number was accepted Pr= 0.71 for the air.). The 

accuracy of the experimental determination of Kexperimental was about 15%. 

Table 1 Convective heat transport parameter K . exoenmenta 1 for packed beds of shaped particles 
.N'!! Grain Ebed Kexoerimental 

Ceramic 4-hole pellet: 
1 outer diameter 14mm, length 17mm, 0.40 0.20 

hole diameter 4mm 

Ceramic 52-hole pellet: 
2 outer diameter 19mm, length 17mm, 0.48 0.14 

square holes 1.5x 1.5mm 

Ceramic 6-spoke wheel: 
3 outer diameter 18mm, length 16mm, 0.42 0.17 

wall thickness 2mm 

Ceramic 3-hole trilobed particle: 
4 outer diameter of each lobe 7 .5mm, 0.38 0.24 

length 11mm, hole diameter 3.5mm 

Figures 1 and 2 present Nuw as a function of Re for shaped particles. Theoretical values of 

Nuw were calculated b~ using Eq. (11). In that case A •er.core was calculated from Eq. (12) :using 

determined values of A \ed and Kexperimen1al• Experimental points of Nuw were calculated from 

values of SOM-parameter aw, The Reynolds number is based on the equivalent particle 

diameter dp (the hole volume was included in the particle volume). 

The obtained correlation (11) for the wall Nusselt ·number is in a good agreement with the 

experimental data. 
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Fig. 1. Dependences of wall Nusselt number on Reynolds number for beds of 4-hole and 52-hole 
cylindrical pellets. 
Open circles - ceramic 4-hole pellets, diameter 14mm, length 17mm, holes diameter 4mm 
Open squares - ceramic 52-hole pellets, diameter 19mm, length 17mm, holes l.5xl.5mm 
Lines -Eq. (11) 
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Fig. 2. Dependences of wall Nusselt number on Reynolds number for beds of 6-spoke wheels and 3-hole 
trilobed particles. 
Open circles - ceramic 6-spoke wheels, diameter 18mm, length 16mm, wall thickness 2mm 
Open triangles - ceramic 3-hole trilobed particles, diameter of each lobe 7 .5mm, length 11mm, 
hole diameter 3.5mm · 
Lines - Eq. (11) 

5. Conclusions 

The two-region Ae,(r)-model was proposed for description of the radial heat transfer in the 

packed bed. The model allows simple correlation between the wall Nusselt number and the 

bed core effective radial thermal conductivity. The obtained correlation stands comparison 

with the experimental data. 

The model with a linear variation of Ae, in the vicinity of the wall does not require any 

additional empirical parameters for the description of heat transfer in packed beds of shaped 
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particles. · The characteristic thickness of the wall region o = deqv is defined by means of the 

bed porosity and the specific surface of the single particle. 

Thus the model with a linear variation of A.er in the vicinity of the wall was verified for beds of 

4-hole and 52-hole cylindrical pellets, 6-spoke wheels and 3-hole trilobed particles. 
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Abstract 

Selective oxidation of CO in excess hydrogen and in the presence of CO2 and H2O has been 

studied over monometallic Pt, Ru and bimetallic Pt-Ru supported on porous carbonaceous 

material catalysts. The catalysts provided CO conversion ~8% and seem to be promising for 

efficient single-step removal of CO from hydrogen-rich streams containing CO2 and H2O. 

Introduction 

Hydrogen fuelled polymer electrolyte membrane fuel cells (PEMFC) have been 

recognized as a promising energy source for replacement of internal combustion engines in 

automobiles and other transportation systems. However, problematic storing of H2 onboard a 

vehicle and a lack of hydrogen refueling infrastructure put forward an idea to combine 

PEMFC with onboard catalytic reformer that converts a common hydrocarbon fuel into 

hydrogen-rich gas [l-3]. 

Such reformer approach for PEMFC vehicles is currently based on steam reforming or 

autothermal reforming of hydrocarbon fuels and water-gas shift reaction processes. The 

product stream from the reformer typically contains 40-75 vol.% H2, 20-25 vol.% CO2, a few 

vol.% H2O, N2 (if air is an oxidant) and 0.5-2 vol.% CO. However, PEMFCs are intolerant to 

such streams, because CO easily poisons PEMFC anode. Thus, before PEMFC feeding, the 

content of carbon monoxide in the stream (reformed gas) must be reduced to 10-100 ppm. 

Selective or preferential oxidation of CO with oxygen (air) is considered now as the primary 

choice for the removal of carbon monoxide from hydrogen-rich streams. 

Reported catalysts for this reaction are based predominantly on alumina-supported 

noble metals (Pt, Ru, Rh, Pd) [4-8] and zeolite-supported platinum [7,9,10]. It has been shown 

[ 4-6, 10] that Pt- and Ru-based catalysts are the most active towards selective oxidation of CO 
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and successfully · operate in the temperature range of 150-200°C. Besides, in ref. [10] 

mordenite-supported bimetallic Pt-Ru (2:1 weight ratio) catalyst has been proposed for . 

selective oxidation of CO. This catalyst, composed of bimetallic Pt-Ru particles, appeared to 

be more active than mordenite-supported monometallic Pt and Ru catalysts. 

In this work the catalytic properties of Ru, Pt and Pt-Ru supported on Sibunit (a special · · 

hydrophobic porous carbonaceous material [11]) towards selective oxidation of CO in excess 

hydrogen have been studied as a function of temperature and composition of Pt-Ru bimetallic 

catalysts. The reaction was examined using a simulated reformed gas ( containing H2, CO, CO2 

and H2O steam) at atmospheric pressure. The catalytic performance of monometallic Pt and Ru 

catalysts for selective CO oxidation has been compared to that of bimetallic Pt-Ru catalysts. · 

2. Experimental 

2.1. Catalysts 

Monometallic Pt, Ru, and bimetallic Pt-Ru catalysts (hereinafter PVC, Ru/C, Pt-Ru/C) were 

prepared using Sibunit as a support. Sibunit consisted of spherical granules of size ~ 1-2 mm and 

had pore volume 0.3 cm3/g and the BET surface area (SaET) 300 m2/g. · 

The Pt/C catalyst was prepared by adsorbing cluster [PtlCO)6 ];- on Sibunit from , 

water-acetone solution [12]. The sample obtained was dried at 120°C in air. The Pt content 

was 0.5 wt.%. 

The Ru/C catalyst was prepared using RuOHCh as the metal precursor. Subinut 

granules were poured with hot acidified aqueous solutions of RuOHCh and heated under 

agitation on water bath until complete evaporation of the solvent. The sample obtained was 

dried at 100°C in air and then reduced by hydrogen at 400°C. The Ru content was 0.5 wt.%. 

XPS studies of Pt/C and Ru/C catalysts proved the presence of metallic Pt and Ru on 

Sibunit surface. According to TEM, the catalysts contained metal particles of size 20-30 A. 
Bimetallic Pt-Ru/C catalysts were prepared by the following procedure. First, the Pt/C 

catalysts containing 0.4, 0.3, 0.2 and 0.1 wt.% Pt were prepared as described previously. Then 

the samples obtained were poured with hot acidified aqueous solution of RuOHCh, heated 

under agitation on water bath until complete evaporation of the sol"qent, dried at 100°C in air 

and then reduced by hydrogen at 400°C. The procedure resulted in Pt-Ru/C catalysts with 

total content of noble metals equal to 0.5 wt. % and the following content of individual metals 

expressed as wt.%: Pt(0.4)-Ru(0.1); Pt(0.3)-Ru(0.2); Pt(0.2)-Ru(0.3); Pt(0.1)-Ru(0.4) 
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All prepared catalysts consisted of spherical granules of size 1-2 mm, contained 0.5 wt.% of 

noble metals and had the same pore volume and SsEr as the initial Sibunit support. 

2.2. Catalytic activity measurements 

The reaction of selective oxidation of CO in excess hydrogen was carried out in a 

fixed-bed continuous-flow quartz reactor (i.d. 8 mm) at temperatures of 25-200°C under 

atmospheric pressure. The bed was made of 0.6 g of a catalyst mixed with 2 g of inert quartz 

powder and fixed by quartz wool. No catalyst pretreatment was applied. 

The catalyst activities in the reaction of selective oxidation of CO in excess 

hydrogen were measured using reaction mixture of composition: 1 vol.o/o CO+ L5 vol.% 

0 2 + 20 vol.% CO2 + 3 vol.% H2O + H2 (balance). The total flow rate of the reaction mixture 

(WHSV) in all experiments was equal to 0.3 g·s/cm3• 

The inlet and outlet gas mixtures were analyzed on-line by two gas chromatographs 

"Tsvet-530" (Russia) µsing Molecular Sieves and Porapak columns. Detection limtt of CO, 

CO2 and Cl4 was ~ 10-4 vol.% ( or ~ 1 ppm); detection limit of 0 2, H2O was not worse than 

2· 10-3 vol.%. 

The conversions of CO (Xco) and 02 (Xo2) as well as the selectivity (Seo) of CO 

oxidation in excess hydrogen were calculated by equations: 

X (%) = [C0] 0 -[CO]. l00 
co [CO]o 

X (%) = [02 Jo -:-[02]. 100 
02 [02]0 

Seo(%)= 0.5([C0] 0 - [CO]) · lO0 
[02]0 -[021 

where [CO]o and [02] are the inlet concentrations, [CO] and [02] are the outlet 

concentrations. 

3. Results and discussion 

3.1. CO oxidation on monometallic Ru/C and PVC catalysts 

Fig. 1 presents the temperature dependencies of CO conversion and CO selectivity at 
.•:,. 

selective CO oxidation in excess hydrogen over 0.5wt.% Pt/C and 0.Swt.% Ru/C. Note that in 
·Y ' •. 

contrast to Pt/C, the products of selective CO oxidation over Ru/C contained ~30 ppm of CH.i 

(not shown in Fig. 1 ). 
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The principal observations with respect to CO removal from hydrogen-rich stream were 

as follows. For both catalyst~,:, the CO conversion first increased and theri slightly decreased 

with increasing temperature. The 02 conversion increased with increasing temperature and 

attained 100%. Compared to Pt/C, the temperature dependencies of the CO and 0 2 

conversions for Ru/C demonstrated a 30-40°C shift towards the lower temperature region. 

The CO .selectivity: monotonically decreased from 60-65% to ~33% with increasing 

temperature for both catalysts. 
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Fig. 1. Effect of temperature on CO conversion (a), 02 conversion (b) and CO selectivity (c) 
at selective CO oxidation over0.5wt.% Ru/C (•) and 0.5wt.% Pt/C (■) 
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For Pt/C, the maximum CO conversion equal 98,5% was attained at l 70°C. For Ru/C, 

the maximum CO conversion equal 98,3% was attained at 120°C. Respective outlet CO 

concentrations ranged within 150-170 ppm. It should be noted that the outlet CO 

concentrations could be decreased two-three-fold by means of a 10-20% increase of the inlet 

0 2 concentration (i.e., by increasing 0 2/CO ratio from 1.5 to 1.65-1.8). 

Analysis of the above data suggests a conclusion that, compared to Pt/C, Ru/C is more 

active for selective oxidation of CO in excess hydrogen. Similar trend has been reported 

previously for alumina- and mordenite-supported Pt and Ru catalysts [4,5,10]. 

3.2. CO oxidation on bimetallic Pt-Ru/C catalysts 

The reaction of selective CO oxidation in excess hydrogen: was studied over the 

following bimetallic catalysts: (0.1 Pt - 0.4 Ru)/C; (0.2 Pt - 0.3 Ru)/C; (0.3 Pt - 0.2 Ru)/C; 

(0.4 Pt - 0.1 Ru)/C. The maximum CO conversion for these catalysts was equal to ~98%. 

For (0.1 Pt - 0.4 Ru)/C and (0.2 Pt - 0.3 Ru)/C, the reaction products contained ~10-20 ppm of 

CRi, while in experiments with (0.3 Pt - 0.2 Ru)/C and (0.4 Pt - 0.1 Ru)/C no CRi was observed. 

The temperature dependencies of CO and 02 conversions, and of CO selectivity at selective CO 

oxidation over all bimetallic catalysts were similar to each other and to respective dependencies 

for monometallic Pt and Ru catalysts (Fig. 1 ). The results obtained suggest a conclusion that the 

activity of bimetallic catalysts decreases with decreasing Ru content. 

As an example, Fig. 2 demonstrates the temperature dependencies of Xco, X02 and 

Seo at selective CO oxidation over (0.2 Pt - 0.3 Ru)/C and (0.4 Pt - 0.1 Ru)/C. It is seen 

that the CO conversion increased with increasing temperature and attained 98.5% at 

125°C for (0.2 Pt - 0.3 Ru)/C and 98,3% at 150°C for (0.4 Pt - 0.1 Ru)/C. At higher 

temperatures, the CO conversion slowly decreased for both catalysts. The 0 2 conversion 

increased with increasing temperature and attained 100%. For both catalysts, the CO 

selectivity monotonically decreased from 50-55% to ~33% with increasing temperature. 

Compared to (0.4 Pt - 0.1 Ru)/C, the temperature dependencies of Xco and X02 for 

(0.2 Pt - 0.3 Ru)/C demonstrated a 15-20°C shift. towards the lower temperature region. This 

means that, compared to (0.4 Pt - 0.1 Ru)/C, (0.2 Pt - 0.3 Ru)/C is more active for selective 

CO oxidation in excess hydrogen. 
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Fig. 2. Effect of temperature on CO conversion (a), 02 conversion (b) and CO selectivity (c) at selective 

CO oxidation over (0.3wt. % Ru-0.2wt. %Pt)/C (~)and (0.1 wt.% Ru-0.4wt. %Pt)/C ( ♦ ). 

3.3. Comparison of CO oxidation activity of monometallic and bimetallic catalysts 

It has been shown in ref. (10] that mordenite-supported bimetallic Pt-Ru catalysts 

demonstrated higher activity towards selective oxidation of CO than both monometallic Pt 
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and Ru mordenite-supported catalysts. The authors attributed this fact to the formation of 

bimetallic Pt-Ru particles ( or alloy) in .rii<?rdenite cages . . 

170 
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Fig. 3. Temperatures at which CO conversions of 50 % ( □) and 98%(~) were attained at 

selective CO oxidation in hydrogen excess over Pt-Ru/C catalysts 

Fig. 3 compares catalytic activities of Pt/C, Ru/C and Pt-Ru/C in the reaction of 
i. 

selective CO oxidation in hydrogen excess. As a measure of the catalyst's activity, we 

selected the temperatures T 50 and T 98 at which CO conversions of 50% and 98% were 

attained. It is seen that both T 5o and T 98 monotonically decreased with increasing Ru content 

in the catalysts. Moreover, the maximum T 5o and T 98 were observed for Pt/C catalyst, the 

minimum - for Ru/C. That is, Pt/C showed the lowest catalytic activity, while Ru/C - the 

highest activity. Bimetallic Pt-Ru/C catalysts were more active than Pt/C.and less active than 

Ru/C; their activity monotonically increased with increasing Ru content. The most likely 

explanation for these results is that the used procedure to prepare Pt-Ru/C catalysts (see 

Section 2.1) lecl to the formation of separate monometallic Pt and Ru particles. In 

particular, the formation of monometallic Pt and Ru particles was observed also in the 

case of Pt-Ru/SiO2 catalysts when they were prepared by impregnating Pt/SiO2 with aqueous 

solution containing [Ru(NH3)6]Ch or RuCh (13] .. 

It should be stressed finally problematic comparison ·of the· performance of Pt/C, Ru/C 

and Pt-Ru/C catalysts towards selective CO oxidation with other noble-metal based catalysts 

reported in literature owing to various reaction conditions used in different works. 

Nevertheless, under the used experimental conditions Pt/C, Ru/C and Pt-Ru/C provided 

384 



PP-35 
CO conversion ~ 98% and ther~fore seem to be promising catalysts for. ,efficient single-step 

removal of CO from hydrogen-rich streams containing CO2 and H2O. 
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Zeolites are unique matrices allowing stabilization of small metal complexes, which often 

show unusual catalytic properties. One of prominent examples is iron· complexes stabilized in 

the ZSM-5 matrix, called a-sites [l]. According to Mossbauer data [2], iron atoms composing 

a-sites are in bivalent state having special affinity to nitrous oxide. 

In the present work, Mossbauer spectroscopy in situ was used to study the effect of 

high-temperature activation on the evolution of iron introduced into ZSM-5 zeolite by 

various methods. Activation process (calcination in air, in vacuum, or in the presence of 

water vapor) was shown to cause an intensive reduction of iron yielding two types of 

dinuclear Fe2+ complexes, which may comprise more than 60% of total metal content. 

Reduced ions Fe2+ are stable in the presence of 0 2, but are reversibly oxidized to Fe3+ by 

nitrous oxide, generating active a-oxygen species, which provide unique oxidation properties 

for the zeolite. 

After coordinative saturation by adsorbed water molecules, both iron complexes show 

identical Mossbauer spectra, which are close to the spectra of dinuclear iron sites in MMO 

enzyme. A quantitative comparison between the number of a-oxygen atoms and the number 

of Fe atoms, involved in redox transition, shows that a-sites are dinuclear complexes in which 

both Fe atoms are capable of a-oxygen generation. 
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Formation of active oxygen species on the catalyst surface, their reactivity and participation in 

the catalytic oxidation is a subject of numerous studies. Iron containing ZSM-5 zeolites are 

effective catalysts for benzene to phenol oxidation by nitrous oxide (N2O) [l]. Their catalytic 

properties are due to the presence of iron-containing active sites. Upon N2O decomposition these 

sites, called a-sites, are capable to form an active oxygen species (a-oxygen) 

N2O + ( )a ➔ N2 + (O)a (1) 

exhibiting some remarkable features. High concentration of a-oxygen on the zeolite surface 

provides a good opportunity to identify its participation in the room temperature oxidation of 

different hydrocarbons, including methane. In all cases the reaction results in a selective 

formation of hydroxylated products [2]. 

In the present work, mechanism of model reaction between hydrogen and a-oxygen on 

FeZSM-5 was studied. The kinetics study in the temperature range from +20°C to -70°C 

indicates that the reaction rate is described by the first-order equation on H2 with very low 

activation energy (3.2 kcal/mol). 

Using IR diffuse reflectance spectroscopy and isotope methods we have shown that a-oxygen 

interaction with hydrogen is accompanied by H2 dissociation yielding (HO)a-groups (bands at 

3635 and 3673 cm-1) on the catalyst surface. An experiment with a-oxygen substituted for 180 

isotope demonstrates that a-oxygen atoms enter the composition of these groups. The total 

reaction equation may be presented as follows: 

H2 + 2(O)a~ 2(HO)a (2) 

The dissociative type of mechanism is additionally supported by stoichiometric ratio of H2 

to a-oxygen (H2:Oa), which is close to 1:2. Kinetic isotope effect measurements reported here 

reveal that similar to methane [3], the dissociation of H2 molecule to occur at the limiting step 

of reaction. In case of hydrogen kH/ko value varies from 4.6 to 23 as the temperature 

decreases from +20°C to -70°C. 
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TIIE CATALYTIC SYSTEMS FOR AMMONIA OXIDATION BASED ON TIIE 

PLATINUM GROUP METALS 

N.I. Timofeev, V.I. Bogdanov, V.A. Dmitriev, G.M. Guschin, L.D. Gorbatova 
. .. · ,,.\. 

JSC "Eka,terinburg Non-Ferrous Metals Processing Plant", Eka,terinburg, Russia 

•• r, 

One of the most important actJ.v1t1es of . JSC . "Ekaierinburg Non-Ferrous Metals 
., . . •r;; .• : ' ,·· 

Processing Plant" is the production of catalyst gauzes ..for nitn>g~ , industry. The system of 
. . . C:.·.··::. . :, . ~ '• '• ' . -..... 

quality providing corresponds to ISO 9002 requirements (it is supported by the TUF-c~ificate, 

that was received in 1992.) 

We have worked out the technology and have organized the production of knitted 

gauzes of alloys on the base of Pt. According to th~ results of CP~.ercjal exploitation, the 

main performance of knitted catalyst gauzes exceeds : the perfonm1.nce . of ,woven . gauzes. For 

example, for knitted gauzes the irrevocable losses and the capital expenditure are less .and the 

gauze wear is more uniform along the stack height. 

At the same time our Plant . continues the. manufacturing of woven gauzes of any alloy 

on the base of Pt and Pd from the wire with the diameter from 0.06 to 0.16 mm with the density 

from 64 to 1800 mesh/cm2• 

Presently accepted at ~ur Plant method of electrochemical activation allows to produce 

the catalyst gauzes with cleaned surface and increased up t~J0 times specific surface area. The 

gauzes produced by this method don't require an additiqnal. processing before installation in the 

device and having high activity they provide the maximum conversion in 8-10 hours after 

installation instead of 6-8 days for the ordinary gauzes., 

To reduce the platinum group metals (pgm) l~sses · our Plant have worked out the 

trapping stack of gauzes of the palladium alloys. The trap~ing stacks install~ into the AK-72 

devices have already worked for 7 years. The catching extent of platimun" is about 80-90%. 

The weight of Pt in the stack is 17.6 - 18.5 kg. The usage of trapping stacks allows to decrease 

the platinum quantity by 40% (4 gauzes are installed instead of 7 gauzes) and to cut pgm 

losses to 50 mg per every ton of manufactured acid. , , ,, 

The trapping stack containing 5.6-6.0 kg of ~d is installed after 8 platinum gauzes 

weighting 16-17 kg on the UKL-7 device. During the exploitation period (2800-3000 hours) 

the stack catches about 3 kg of Pt; it is equal to 60-70% of total platinum losses from the 

catalyst. The total direct losses fall to 110 mg per ton of acid. 

Our Plant is able to organize the clearing of ammonia· pxid~tio~ ·~ggregates. Also we 
- _-' .· , 

have an _opportunity to process slams. and spent catalysts containing the pressure ·metals and to 

extract p~e-metals and to produce trapping and cataly~t gauzes ft,;oni th~:\ 
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Abstract 

The influence of acidic properties of alumina of different modifications on the catalyst 

activity in the reaction of direct hydrogen sulfide oxidation has been studied. · 

Acidic properties of a.-A}zO3, y-A}zO3, and y-+x-AlzO3 were studied using IR spec'troscopy of 

adsorbed CO. 

Hydrogen sulfide interacts with all modifications of alumina (a-, y-, and y-+x-) to yield surface SOx 

compounds (absorption bands at 1100 cm.1) and inorganic sulfates (a.b. at 1232 and 1349 cm.1). On 

the surface of a.- and y-A}zO3 samples, characterized by strong LAS, additional types of inorganic 

sulfates are formed having absorption bands at 1265 and 1330 cm·1• · 

A comparison of the catalytic activity and selectivity of alumina samples and IR spectroscopy 

data suggests that the H2S adsorption proceeds · predominantly on the LAS of intermediate 

strength. Alumina containing x-phase and/or a modifying ion Mg2+, is characterized by high 

concentration of LAS of intermediate strength and exhibit high catalytic activity. 

Introduction 
Direct catalytic oxidation of hydrogen sulfide into elemental sulfur [l-3] relies on the one-step 

heterogeneous catalytic oxidation reaction as H2S + 1/2 02 ➔ S0 + H2O. This reaction provides 

a selective removal of hydrogen sulfide from natural gas without a noticeable conversion of 

the hydrocarbon part of natural gas at "mild" operation conditions (T = 220-280°C). Though 

the number of publications devoted to the catalytic oxidation of hydrogen sulfide is rather 

large, the number of catalytic systems used in the process is limited. Thus, activated carbon 

[4-6] and zeolites [7,8] are usually used in the process. However, the individual oxides of 

transition metals or mixtures of these oxides are more promising [9-11]. . .. · 1 
The catalysts'for direct heterogeneous ca.talytic oxidation of hydrogen sulfide should mef;':t the 

following .requirements: high activity and selectivity with respect to elemental sulfur at a wide 
range of the initial concentration of hydrogen sulfide and space vel6city; high stabili.,ty; in the 

presence of hydrocarbons a~d steam. In the case of supported cata~ysts these parameters are 

partial,13/ provided by the nature of a support. Granulated and monolith aluminas are widely 

used as support material for this process [ 11-14]. How~ver the ability gf alumina to accelerate 

both the·;dii-ect and reverse Claus processes [14] should be taken into account at the 

development of new catalys~ for the direct hydroge~ sulfide oxidation. 

In the catalytic reactions of oxidation and high~te~perature decomposition · of hydrogen 

sulfide [15], the initial adsorption of hydrogen sulfide on the catalyst surface and its 
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subsequent transformation to sulfide or sµlfate-sulfite complexes · are proposed as the 

necessary steps for hydrogen sulfide activation [16]. 

In this work the adsorption and interaction of hydrogen sulfide over a number of alumina 

supports with different phase compositions have been studied by FTIR. Identification of 

active sites of hydrogen sulfide adsorption on alumina using FfIR of the adsorbed CO as a 

probe molecule and characterization of the surface acidic properties of alumina are adopted to 

explain catalyst activity in the direct hydrogen sulfide oxidation. 

Experimental 
Preparation of Al203 

We used five spherical alumina samples: y-AhO3, y-+15% x-AhO3, y-+35%x-AhO3, 

MgO/y-+15%x-AlzO3, and a:-A}zO3 prepared by hydrocarbon-ammonia moulding [17,18]. 

The sample of spherical y-A}zO3 was prepared from aluminum hydroxide of the 

pseudoboehmite structure as in ref. [17]. 

The samples containing 15 and 35% of x-A}zO3 were prepared from pseudoboehrnite 

aluminum hydroxide resulting from the thermal decomposition of gibbsite in a catalytic heat 

generator [18,19]. The calcination temperature of the above samples was 550°C. 

Introduction of magnesium ion into the spherical granules of aluminum hydroxide, its 

subsequent drying at 110°C and heat treatment at 550°C were performed according to the 

method described elsewhere [12]. The concentration of MgO in the samples was 3.2 wt%.To 

prepare spherical samples of a:-AhO3, the y-AhO3 was calcined at 1200°C for 6 h. 

A sample of the sulfur modified y-AhO3 was prepared by wet impregnating of the spherical 

y-A}zO3 containing 15% X-A}zO3 with a 2M sulfuric acid solution, drying at 110°C and 

calcination at 500°C for 4 h. The sulfur content was 10 wt% of soi-. 
The chlorine modified x-AhO3 sample was prepared by wet impregnation of spherical y-AhO3 

containing 15%X-AhO3 with a 0.5 M hydrochloric .acid solution, drying at l10°C and 

calcination at 500°C for 4 h. The chlorine concentration was 1 wt.% of Cl. 

The physicochemical properties of the samples are given in Table 1. 

Table 1. Physicochemical properties of alumina samples _ 

No Sample Tca1c., °C Ss~ Pore Volume, XRD phase composition 
mfg 3 Vr., cm /g 

1 y-AhO3 550 214 0.46 y-AlzO3 
2 y-+15%x-AhO3 550 167 0.55 75%y-AlzO3+ 15%x-AlzO3 
3 Y-+35%x- AhO3 550 160 ·o.58 65%y-AhO3+35%r,-AlzO3 
4 ' MgO/y-+ 15%x-AhO3 550 160 0.52 y*-AlzO3, (a~ 7'.952A) 

(MgO~3.2 wt.%) 
5 a-AlzO3 1200 9.3 0.37 ·.' a-AlzO3 
6 SO/-ly-+ 15%x-AlzO3 500 245 0.58 75%y-AlzO3+ 15%x,-AhO3 

(SO/ -10 wt.%) 
7 Crty-+ 15%x,-AhO3 (Cr 500 225 0.58 75%y-AhO3+ 15%x,-AhO3 

I - 3.5 wt.%) 

y*-A}iO3 - solid solution Mg2+ in y-AhO3 
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Activity test in the reaction of hydrogen sulfide oxidation 

Catalytic activity of the samples was measured in ·· a fixed-bed catalytic flow setup at the 

stoichiometric ratio of reagents (H2S/O2 = 2 /1). The concentration of hydrogen sulfide in the 

initial reaction mixture was 0.6 vol.%. In all runs, a 1 cm3 of a catalyst sample was placed into 

the quartz reactor. The space velocity of the reaction mixture was 100 cm3/min and GHSV 
was 6000 h-1• The reaction was studied in a temperature range of 200-400°C. 

Gas mixtures were analyzed using a ''Tsvet-500M" gas chromatograph equipped with a TCD 

and Teflon column (length 3 m, i.d. 3 mm) with a "Hayesep C" sorbent modified by 0.5% 

H3PO4. The space velocity of the carrier gas (helium) was 30 ml/min, the operation 

temperature of the column was 150°C. 

FTIR experiments 

A "BOMEM MB102" FTIR spectrometer was used for spectroscopic studies. Adsorption of carbon 

monoxide was studied in a low-temperature spectroscopic cell equipped with CaF2 glasses. A high­

temperature spectroscopic cell was used to study the adsorption of hydrogen sulfide. 

The powdered samples were pressed into pellets of 10-20 mg/cm2 thick. A catalyst pellet was 

placed into the spectroscopic cell and pretreated under vacuum at 400°C for 3 h. 

Pure carbon monoxide was introduced into the cell at 1-2 Torr. FTIR spectra were recorded at 

room temperature. Then the sample was cooled to -196°C with liquid nitrogen. Spectra were 

recorded at -196°C. A series of spectra were recorded as the temperature increased from -196°C 

to room temperature during liquid nitrogen evaporation. This procedure allowed registration 

of IR spectra of adsorbed CO during continuous decrease of CO coverage of the surface of the 

sample in one run. 

The strength and amount of Lewis acid sites (LAS) were determined using the method 

described elsewhere [20]. 

The adsorption of hydrogen sulfide was studied at 20, 100, 200, and 300°C, the pressure of 

hydrogen sulfide introduced into the cell was 30 Torr. 

Results and Discussion 
Testing of catalytic activity 

Data on the catalytic activity and selectivity of aluminas are shown in Fig. 1. It was found that 

the phase composition of the initial AhO3 significantly affects its catalytic activity. The 

catalytic activity calculated as the total hydrogen sulfide conversion increases in a series: 

a-AhO3 < y-AhO3 < y-+15%X-AlzO3 < MgO/y-+15%x-AlzO3 < y+35%x-AlzO3. The 

maximal conversion is ~90% on the MgO/y-+15%x-AlzO3 sample and ~80% on the 

y-+ 15-35%x-AhO3 samples. For all alumina samples, the selectivity with respect to sulfur is 

~ 109% at 200°C. As temperature increases, the selectivity decreases to 95% on the 

MgO/y-+15%x-AI2O3 sample and to 90% on the y-Al2O3 sample due to the reaction of complete 

oxidation: H2S + 3/2 0 2 ➔ H2O + SO2 and reverse Claus reaction 3S + 2H2O H2H2S + SO2. 
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Fig. 1. Total H2S conversion and sulfur selectivity in H2S oxidation on aluminas: 

. e- y-+35%x-Alz03, EB - MgO/y-+ 15%x-Alz03, • - y-+ 15%x-Alz03,_ 
, ■ -y-Alz03, .A. - a-Ali03. 

Study of Acidic properties of Al201 

To study acidic properties of fresh alumina samples with different phase compositions, we used 

FfIR spectroscopy of adsorbed CO as a molecular probe on the Lewis and Bronsted acid sites. 

The spectrum of CO adsorbed on y-AhO3 [10] contains two groups of adsorption bands: at 

2147, 2154 cm·1, and 2186, 2_194, 2210 and 2216 cm·1, which belong to CO adsorbed on the 

Bronsted and Lewis acid sites (BAS and LAS), respectively [10,20]. 

Figure 2 shows the spectra of CO adsorbed on alumina samples with different phase 

compositions, the temperature ranges from -196 to +20°C. The spectrum exhibits a range of 

CO stretching vibrations. According to the reference data [10], for all studied samples, the 

spectra of adsorbed CO exhibit the presence of acidic site groups corresponding to CO 

adsorbed on the Bronsted acid sites (a.b. at 2140-2160 cm-1) and CO adsorbed on the Lewis 

acid sites as AI3+ (a.b. at 2180-2220 cm-1). 

As Fig. 2 suggests, the CO adsorption on y-AlzO3 and a-Al2O3 results in the appearance of 

absorption bands belonging to CO adsorbed on LAS of intermediate strength (a.b. to 2200 cm-1) · 

and high-frequency absorption bands at 2210, 2216 cm·1 for y-AhO3 and at 2212 cm-1 for 

a-A}iO3, which correspond to CO adsorbed on LAS of Al3+, the adsorption heat is higher than 

4OkJ/mole [20]. · 

For the samples containing different amounts of alumina x-phase, we have observed only LAS 

with an intermediate strength: absorption bands at 2187 and 2197 cm~1 fory-+15%x-AI~03 and at 

2186 and 2195 cm·1 fory-+35%x~AbO3 . . 

The definition of strength and concentration of BAS from CO adsorption presents difficulties 

because of the absence of the reference data on the integral; absorption factor of CO bands 

adsorbed on the hydroxyl groups of catalysts. Table 2 presents 'the' values of' strength and 

concentration of the LAS observed on the surface of the considered samples. 
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Fig. 2. Spectra of adsorbed CO on aluminas with different phase compositions at different coverage of 

the surface with CO. The upper spectra were recorded at temperature -196°C and lower spectra 

at increasing temperature up to ambient. 

Fig. 3 shows spectra of CO adsorbed on the surface of y-+15%x-AhO3 modified by MgO, 

sol, and er. As follows from the figure, the CO adsorption on the sample modified by 
MgO results in absorption bands at 2154 cm·1, which correspond to vibrations of CO 

adsorbed on BAS, and in absorption bands at 2181 and 2193 cm·1 belonging to the vibrations 

of CO adsorbed on LAS of Al3+. The CO adsorption on so/·/ y-+15%x-AhO3 results in the 

appearance of absorption bands at 2210, 2199, and 2168 cm·1, belonging to the CO adsorbed 
on the strong LAS (2210 cm-1), cations Ai3+ of intermediate strength (2199 cm-1), and 

hydroxyl groups of the catalyst (2168 cm-1). The CO adsorption on Cr/y-+15%x-AhO3 shows 

the presence of two types of LAS on the catalyst surface which correspond to the absorption 
bands of CO at 2198 and 2191 cm·1. The values of strength and concentration of the acidic 
sites on the surface of modified samples are given in Table 2. 
A comparison of the data on the CO adsorption suggests that aluminas with different 

phase composition significantly differ by acidity of their surface. The surface of y-AhO3 

and ·a-AhO3 exhibit the presence of strong LAS (stretching vibrations of CO are higher than 
2000 cm-1) with the adsorption heat of CO exceeding 40 kJ/mole. However, the number of 

such sites is less than that of the sites whose CO adsorptio11 heat is low~r than 40 kJ/mole. 
I.' 2 \_., ',· . 

The total amou,nt of LAS on the y-AhO3 and a-AhO3 related to 1 m surface is comparable. 

An introduction of x-AhO3 into y-AhO3 results in the appearance of LAS with an 
intermediate strength (adsorption heat is< 40 kJ/mole) and an increase in the total number of 

LAS compared toy- and a-A1193• A comparison of the data obtained for samples containing 

15 and 35%x=-AhO3 suggests-that an increase in the number of the disordered x;-AhO3 phase 

provides a decrease in the concentration of LAS of Al3+. 
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Fig. 3. Spectra of adsorbed co on y-+ 15%x-AI2O3 samples modified by MgO, sol and er at different 

coverage of the surface with CO. The upper spectra were recorded at temperature -196°C and lower 

spectra at increasing temperature up to ambient. 

Introducing the modifying agents of different nature it is possible to significantly change the 

acidity of alumina. An introduction of MgO into y-+15%x-Alz03 decreases the strength of 

LAS, which manifests itself as a shift of absorption bands to the low-frequency spectrum 

· region, however, this is accompanied by an increase in the concentration of LAS. 

Table 2. The values of strength and concentration of the acidic sites on the surface of alumina with 

different phase compositions 

Sample -1 
Vco, cm Cs, umole/g Cs umole/m2 Qco, kl/mole 

y-AlzO3 2216 5.2 0.05 47 
2210 4.1 0.02 44 
2186 72 0.36 32 

y-+15%x-AlzO3 2197 33 0.18 38 
2187 370 2.1 33 

y-+35%x-AlzO3 2195 22 0.14 37 
2186 180 1.1 32 

a-A}zO3 2212 0.09 0.007 45 
2198 0.07 0.005 38 
2185 4.6 0.35 32 

MgO/y-+15%x-AlzO3 2193 45 0.25 36 
2181 580 3.2 30 

SOl°ly-+ 15%x-AlzO3 2210 16 0.066 44 
2199 22 0.091 39 

cr1y-+ 1s%x-AizO3 2198 46 0.20 38 
2191 210 0.95 35 
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When the support is treated with a solution of sulfuric acid, strong LAS appear. Modifying the 

sample with a hydrochloric acid solution, it is possible to stabilize the LAS of intermediate 

strength and considerably reduce their number compared to the non-modified sample. 

Study of hydrogen sulfide adsorption 

As is known, the process of hydrogen sulfide adsorption involves different sites of the catalyst 

surface. The process was studied in detail for the y-AhO3 sample [16,21-23]. H2S can adsorb 

as a molecular form on BAS of y-A}iO3 [16,22]. It adsorbs dissociatively on the basic sites, in 

particular on the surface oxygen [22,24]. For strong LAS, it adsorbs both dissociatively and in the 

molecular state. On the surface of oxide catalysts, the physical adsorption of hydrogen sulfide can 

be accompanied by oxidation of hydrogen sulfide to different surface sulfite-sulfate complexes at 

the expense of either bridged lattice oxygen of the catalyst or surface-adsorbed oxygen [25]. 

However, for AhO3, the process is hindered by low mobility of the surface oxygen. 

Figure 4 presents IR spectra of H2S adsorbed on the surface of y-A}zO3. When the adsorption 

proceeds at room temperature, the spectrum exhibits an absorption band at 1332 cm-1, which 

corresponds to bending vibrations of the physically adsorbed hydrogen sulfide [23,25]. In 
addition, the spectrum shows absorption bands at 1180, 1262, and 1349 cm-1, which 

correspond to vibrations of the surface sulfate-sulfite complexes. The absorption bands at 

1180 cm-1 can be attributed to the vibrations of S-O bonds in a sulfate ion [10,26]. The 

bands at 1262 and 1349 cm-1 can be attributed to vibrations of surface inorganic sulfates 

[26], possessing free SO2 unperturbed by hydrogen bonds. As the sample temperature 

increases to 100°C, the band at 1332 cm-1 vanishes, which may be associated with the 

oxidation of physically adsorbed hydrogen sulfide and formation of sulfur and water via 

reaction H2S + [O] ➔ Sn + H2O. 

A temperature increase to 200°C results in a new band at 1232 cm-1 that can be attributed to 

symmetric stretching vibrations of inorganic sulfates [26] whose antisymmetric component 

may be situated in the region about 1350 cm-1 as evidenced by antisymmetric shape of 

absorption band at 1349 cm-1. 

As temperature increases to 300°C, there are no significant changes in the spectrum. At room 

temperature, the spectrum exhibits appearance of a broad absorption band at 1650 cm-1 (the 

spectrum is not shown) which corresponds to bending vibrations of the physically adsorbed water. 

Absorption bands at 1232 and 1262 cm-1 indicate that two types of inorganic sulfates form on 

the different surface sites of the sample. 

In the adsorption of hydrogen sulfide on y-+15%x-AlzO3, y-+35%x-AlzO3 and 

MgO/y-+ 15%x-AhO3, there are no significant differences in the spectra. For this reason, we 

used y-+15%X-AhO3 to study the processes occurring on the surfru::e of the above catalysts 

during hydrogen sulfide adsorption. At room temperature (Fig. 5), the adsorption of hydrogen 

sulfide on the surface of y-+15%x,-AhO3 results in an absorption band at 1331 cm-1 which 

corresponds to bending vibrations of the physically adsorbed hydrogen sulfide [23]. As 

temperature increases to 100°C, this band vanishes. The spectrum shows new bands at 1121, 
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1166, 1229, and 1407 · cm·1• · Two high-frequency · bands at· 1229 :and 1407 cm"1 can . be 

attributed to symmetric and antisymmetric stretching vibrations .of the inorganic sulfates [26] . . 
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Fig. 4. IR spectra of sample y-AhO3 after interaction with hydrogen su\fide. 1: adsorption of hydrogen 
sulfide evacuated at 30 torr at room temperature; 2: 100°C; '3: 200°C; 4: 300°C; 5: evacuation to 
10·3 torr, room temperature: 

Absorption bands at 1121 and 1166 cm"1 are rp.ost likely a~socfated with vibrations of the 

surface SOx compounds [26]. A further ri~e ~f te~pi:;tJie' t~,.,,300°C does not result in 

significant changes in the IR spectrum. When the . tempen1friie is decreased to room 

temperature and the sample is evacuated, the absorpti~~ band --~t 1121 cm·1 vanishes and a 

new broad band appears at 1646 cm·1 which belongs to deformation vibrations of the water 
. ~, . . ··. ...... t . 

physically adsorbed on the catalyst surf ace. · · · · · -· 
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Fig. 5. IR spectra of sample y-+ 15%x-AhO3 after interaction wi~I:} hy<y"?gen sulfide. 1: adsoJ;Etion of • 
hydrogen sulfide evacuated at 30 torr at room temperature; 2: 100°C; 3: 200°C; 4: 300°C; 5: 
evacuation to 10-3 torr, room temperature. 
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The adsorption of hydrogen sulfide on a-A}iO3 at room temperature (Fig. 6) results in the 

formation of an absorption band at 1368 cm-1 and a broad band at 2588 cm-I (not shown in the 
. : . . 

spectrum), which correspond to the bending and stretching vibrations of the physically · 

adsorbed hydrogen sulfide; respectiveli The presence of a band at 2588 cm-I indicates that 

the band at 1368 cm-I really belongs to vibrations of the physically' ' adsorbed hydrogen 

sulfide. As temperature rises' to 100°C, the bands at 1368 and 2588 cm-1 vanish: The spectrum 

exhibits intensive absorption bands at 1155, 1180, 1237, 1265, and 1314 cm-1 and a broad 

band at 1361 cm-1• The bands at 1155 and 1180 cm-1 correspond to vibrations of the surface 

SOx compounds. The couples of bands at 1237-1361 cm-I and 1265-1314 cm-1 can be 

attributed to vibrations of two types of inorganic sulfates, which are located on different sites 

of the sample surf ace J26]. 

As temperature rises to 300°C, the spectrum does not exhibit any_significant changes. 

A decrease to room temperature with following evacuation of the sample shift the vibration 

frequencies of surface soll compounds to 1159 and 1171 cm-I. The vibration frequencies of 

inorganic sulfate compounds also shift to · 1244 and 1260 cm-1, which can be caused by water 

adsorption, ·resulting from a temperature decrease. 
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Fig. 6. IR spectra of sample a-Ah03 after interaction with hydrogen sulfide. I: adsorption of hydrogen 

sulfide evacuated at 30 torr at room temperature; 2: 100°C; 3: 200°C; 4: 300°C; 5:'evacuation to 
10-3 torr, room temperature. ·.• · .'! · 

Thus, the interaction of hydrogen sulfide with the support surface at elevated temperatures 

(> 100°C) results in the formation of surface SOx compounds and inorganic sulfates. For 

sample y-A}iO3, the oxidation of hydrogen sulfide involving fofllljltion of surface SO)( 
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compounds begins at room, temperature. One may suggest , th~t the physically adsorbed 

hydrogen sulfide is oxidized at the expense of the catalyst surface oxygen [25]. 

On y-AlzO3 and a-AlzO3, the above interaction results in two types of surface inorganic 

sulfates, which can be attributed to the presence of two types of LAS on their surfaces. For 

samples y-+15%x-AlzO3, y-+35%x-AhO3, and MgO/y-+15%X-AhO3, the IR spectra do not 

differ. Because of the absence of strong LAS on the catalyst surface, the hydrogen sulfide 

· adsorption provides formation of inorganic sulfates of one type. 

Knowing that different alumina modifications are widely used as supports of selective 

hydrogen sulfide oxidation catalysts [11,13,14], it is interesting to elucidate a contribution of 

different alumina supports into activity and selectivity of the discussed process. Data on the 

··" activity of different alumina supports in the reaction of hydrogen sulfide oxidation indicate 

, that y-AhO3, containing ~ 35%x-AlzO3, exhibits the highest activity. Pure y-A}zO3 and the 

·.· sample modified with x-AlzO3, characterized by high specific surface area ( ~ 180-220 m2/g), 

exhibit similar selectivity at temperatures below 300°C. The difference in selectivity observed 

at temperatures higher than 350°C can be attributed both to textural (pore volume, pore size 

distribution) and surface acid-base properties of the support. The effect of textural properties 

on the process selectivity is more pronounced for a-A}zO3• For this sample, the selectivity 

decreases from 100 to 90% even at 250°C. It is known, the effect of porous catalyst structure 

on the selectivity of hydrogen sulfide oxidation [27-29] is associated with a possible capillary 

condensation of sulfur vapor in the narrow pores, which catalyzes oxidation of hydrogen 

sulfide to predominantly yield elemental sulfur. The capillary condensation was observed on 

the zeolites and activated carbon [30]. 

Talcing into account the known literature fact that the interaction of H2S involving BAS does not 

significantly activate a molecule [16] and the interaction with LAS and base sites significantly 

activates a molecule of hydrogen sulfide and provide its decomposition to SH and H groups [16], 

we shall consider a correlation between the catalytic activity of alumina and the number of observed 

LAS. Since LAS with an adsorption heat of 32-35 kJ/mole (absorption band at 2186 cm·1 in the IR 

spectrum of adsorbed CO) prevail, Fig. 7 shows the hydrogen sulfide conversion in the reaction of 

direct oxidation as the function of the number of the above sites and reaction temperature. As the 

figure suggests, the acid-base properties of the alumina surface unambiguously affect the activity in 

the reaction of hydrogen sulfide oxidation at different temperatures. At 200-2500C, the activity has 

its maximum when the content of LAS is ~ 180 ~ol/g. An increase in the concentration of LAS, 

typical for a pure and modified by MgO samples of y-15%x-AlzO3, results in a decrease in the 

activity of the hydrogen sulfide oxidation at 200°C. The activity reaches its maximum (~85%) when 

~e content of LAS is ~ 180 µmole/g at 300°C. The dependencies observed at different 

temperatures suggest either an effect of different types of acid-base sites of alumina supports that 

participate in the adsorption of hydrogen sulfide and/or oxygen or a difference in the mechanism 

of hydrogen sulfide oxidation. 
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Fig. 7. H2S conversion on the aluminas supports vs. content of LAS of intennediate strength (a.b. 2186 cm"1). 

Temperature 200°C - solid dots, 250"C - cross dots, 300°C - opened dots. 

At 200-300°C, there are initial curve parts where the hydrogen sulfide conversion linearly 

increases with an increase in the number of LAS, the heat of CO adsorption is about 

32-35 kl/mole. Modifying the surface of y-15%x-AlzO3 with a sulfate ion (~10 mass.%), it is 

possible to completely suppress the LAS of intermediate strength (see IR spectra). A decrease in 

the concentration of LAS reduces the activity of the sulfated sample as compared to the initial 

sample at temperatures below 250°C. When the temperature is higher than 300°C, the effect of a 

sulfate ion on the hydrogen sulfide conversion and the process selectivity becomes less 

pronounced. 

An introduction of er (to 3.5 wt.%) significantly deactivates the catalyst (the maximal conversion 

does not exceed 35% ). According to IR spectroscopic data on the CO adsorption, acidic properties 

of the surface change, namely, the number of LAS with an adsorption heat of 32-35 kJ/mole 

decreases by almost a factor of 2. However, a significant decrease in the activity is most probably 

caused by a negative effect of ion er on the catalyst activity as in the number of catalytic reactions. 

Thus, the experimental data suggest that the LAS of intermediate strength contribute to 

catalytic activity of different alumina modifications, moreover, this contribution depends 

strongly on temperature (the highest effect is at temperatures below 300°C). Consequently, 

requirements on the acid-base properties of alumina change regarding , the temperature of 

catalytic hydrogen sulfide oxidation performance. When the temperature is below 300°C, one 

may recommend y-AhO3 containing a disordered x-AlzO3 phase or MgO with a high 

concentration of LAS of intermediate strength. 

Conclusions .. ~ 

Phase composition of the initial alumina samples (a-, y-, and y-+x-AlzO3) strongly influences 

its activity in the reaction of hydrogen sulfide oxidation. In the presence of x-A}iO3 phase, the 

catalytic activity of y-A}zO3, including the sample modified with Mg2+, tends to increase. 

Using IR spectroscopy, the acidic properties of the surface of a-AliO3, y-A}zO3, and y-+x-AlzO3 

samples were studied by CO adsorption. For a- and y-AlzO3 samples, the spectra exhibit both 
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'2200 cm·1 and is 21.86 cm·1, respectively). On the y-+x-AlzO3 sample, there are only the LAS 

of intermediate strength (2186 cm-1). Introducing MgO into y-AhO3 containing 15%x-AhO3 

reduces the strength of LAS (2181 cm-1) and significantly increases the number of LAS. 

The interaction of hydrogen sulfide with all modifications, of AhOJ (a-, y-, and y-+x-) results in 

the appearance of surface SOx compounds (a'.b. at 1100 cµi~ 1) and inorganic sulfates characterized 

by high-frequency absorption bands at 1232 and 1349 cm·1. For a-A}zO3 and y- A}zO3 (possessing 

strong LAS), additio~al types of inorganic sulfates form (a.b. at 1265 and 1330 cm-1). 

A comparison of the catalytic activity and selectivity of alumina samples and IR spectroscopy 

data allow to suggest that hydrogen sulfide is predominantly adsorbed on the LAS of intermediate 

strength. The alumina sample, containing x-phase and/or modifying ion Mg2+, is characterized by 

a high concentration ofLAS of intermediate strength and exhibits high catalytic activity. 
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Abstract 

The composition of modified monolith zeolite catalysts containing the basic components 

in the washcoating layer is suggested. When the washcoating layer contains 80% zeolite, 10% 

Ti 02, and 10% AhO3, the catalyst exhibits both activity and adhesion strength. The titanium 
.... . . 

catalyst is stable to sulfur.poisoning (H2S) at 500°C; a small decrease in the catalyst activity at 

400°C is no longer obseived after regeneration. Introducing 4 wt.% Ce ( calculated for respect . 

to the washcoating) into the ready catalyst, one can preserve the catal:yst activity and provide 

its stable operation in the presence of water vapor both at 400 and 500°C. Activity of the 

titanium-cerium- modified ~onolith catalyst is stable in the presence of water vapor and 

sulfur compounds in the gas niixture at a time. 

Introduction 

Data on t~e preparation and investigation of bulk Cu-ZSM-5 catalysts _[1,2] permitted 

us to choose the optimal ion exchange conditions, providing both high activity and stability of 

the catalysts. In the present work we use our earlier data [1,2] to synthesize and study the 

monolith catalysts containing copper-substituted zeolites in the washcoating and their 
. . . -

operation on the selective catalytic reduction of nitrogen oxides (SCR NOx) with propane in 

the presence of~ater vapor and sulfur compounds. 

As is knO\yn, the Cu-subst~tuted zeolites exhibit high activi~ on SCR NOx with 

hydrocarbons and lose their activity in excess of oxygen [3-5], water vapor and/or SO2 [3,6] . 
. , ' .. ~ . 

The catalyst activity can be partially . reduced by regeneration, , the degree of regeneration 

depends on Jhe concentration of poisons in the reaction mixture. Thus, when the concentration 

of water is low (2 vol.% [6] or 3.9 vol.% [3] for 90 min [3]), the catalyst deactivation is a 

reversible process and the catalyst activity is completely reduced by regeneration. A. treatment 

of the zeolite catalyst in wet air (to 14 vol.% water) in a temperature range _of 200-600°C [7,8] 

results in a sharp decay in the Cu-ZSM-5 activity. A partial reduction of the activity after 

regeneration was attributed to [7,8] dealuminizing of the zeolite. . . 

Wh~mwaste, gas contains sulfur compounds (SO2 concentration is to 20· ppm) and the degree 

of NO c~nversio,n is high, the activity of Cu-ZSM-5 cataiysts slightly decrease~ on SCR NOx 
with hydr~arbons. The catalyst activity is completely restored by termination of so; ·feeding into 

the reaction mixture [3,9]. Because of the presence of SO2 (220-300 ppm ) in the gas 
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mixture, Cu-ZSM-5 partially loses its activity on SCR NOx with hydrocarbons [3,10] and 

becomes completely deactivated in the reaction of direct NOx decomposition [10]. In the latter · 

case, the activity of Cu-ZSM-5 is partially restored after its training in a helium flow at 700°C. 

When the reaction of SCR NOx with hydrocarbons is promoted by oxygen (the concentration 

of oxygen in the reaction mixture is 10 vol.%), the activity of Cu-ZSM~.s is 60 times higher than 

in the absence of oxygen [4]. On the other hand, the dependence of activity of Cu-substituted 

zeolites on the oxygen concentration in the reaction mixture is maximum at oxygen 

concentrations ranging from 2 to 3 vol.%, the degree of conversion slowly decreases as the 

concentration of oxygen rises. Interestingly, oxygen-containing hydrocarbons can restore NO 

under highly oxidizing conditions [5]. 

Though zeolite catalysts have high initial activity, their application in the actual 

purification processes as cleaning of vehicle waste gases is limited because of their 

susceptibility to deactivation in the presence of water vapor and sulfur .. 

The number of publications devoted to the improvement of catalysts for the selective 

reduction of NOx in the presence of SO2 and water vapor is not large. It is well known that the 

catalytic systems containing titanium, cerium and aluminum oxides are more stable to 

poisoning with water vapor and sulfur compounds during the SCR NOx with ammonia. On 

studying the stability of Cu, V, and Cu-V-O catalysts supported on the alumina and titania or 

their mixture on the SCR NOx with ammonia in the presence of SO2 [11], it was shown that 

catalysts based on TiO2 are more stable to sulfur poisoning. Note that as the concentration of 

TiO2 in the support increases, the catalyst activity holds at a higher level. In addition, the 

resistance of vanadium catalysts to sulfur poisoning increases if a support contains both TiO2 
and ~20% AlzO3. A comparison of the V and Cu-V catalysts supported on the same carrier 

shows that the copper catalyst is less stable to SO2 poisoning, though it effectively removes 

SO2 as a sorbent/catalyst. The authors attribute the loss of stability of the copper catalyst to its 

high capacity with respect to SO2 and to formation of complex copper-aluminum sulfates. 

Studying the selective reduction of NO with decane on Cu-ZSM-5, CuO/ A}zO3, CuO/Zr02, 

and CuO/TiO2 in the presence of SO2 [12], the authors attributed a lesser decrease in the 

activity of the latter two systems to the presence of strong Lewis sites in both catalysts. 

According to refs. [13,14], the CuO/TiO2 catalysts, pre-sulfated in gas mixture SO2+O2 at 

temperatures above 400°C or prepared from copper sulfate [13-15] are highly active in the 

reaction of SCR NOx with ammonia and stable with respect to SO2. Activity of Cu-Ti-O 

catalysts in the reaction is primarily determined by redox properties of copper. An 
introduction of sulfate ions into the Cu-Ti-O systems hinders the reduction of Cu(II) 

[12,15,16] and increases the activity of the system at temperatures above 400°C because of 

sulfation oftitania and formation of copper sulfate [15]. 

Modifying the copper-substituted zeolite catalyst with cations as Cr, Ce or Sr [17,18], one 

increases their thermal and hydrothermal stability in the presence of water vapor and SO2. 

This phenomenon is probably caused by prevention or inhibition of the processes of sintering 

of the active copper-containing structures in the zeolite and dealumination of the zeolite itself. 
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Based on the few reference data, in our work the monolith catalysts were prepared using 

titania and cerium oxide as modifying agents in order to increase their resistance to water and 

sulfur poisoning. 

Experimental 

Alumosilicate or cordierite monolith fragments (10x10x20 mm in size) were used as 

monolith supports {Table 1 ). 

Table 1. Properties of monolith supports 

Support Channel size, Wall thickness, Phase Ssp, Pore volume 
mm mm composition m2/g (with respect to 

water), cm3/g 
Alumosilicate 2.2x2.2 0.45 SiO2•A}zO3 0.45 0.20 
Cordierite 1.0xl.0 0.10 Mg2Al4SisO1s 0.30 0.12 

The samples of H-ZSM-5 zeolite [1,2,19] were used to prepare the catalysts, the zeolite 

module (atomic ratio Si/Al) was 34 and 73. The washcoated monolith catalysts were 

synthesized via the below steps: 

- preparation of a suspension, containing 80% zeolite and 20% binding agent ( calculated for 

AhO3), from aluminum hydroxide with a pseudoboehmite structure as in re£ [2,19]; 

- deposition of a washcoat on the monolith support by its submerging into the suspension, 

drying and heating at 550°C; 

- performance of ion exchange from solutions of copper acetate (pH ~ 6) or ammonia 

copper acetate (pH ~ 10), the concentration of copper is 5-10 mg/ml [1,2]. Then the 

washcoated monolith catalyst is washed, dried and calcined at 500°C. 

For titania modifying, we introduced a disperse powder of 10% TiO2 (anatase 

modification) instead of 10% AhO3 at the step of suspension preparation. The prepared 

catalyst was modified with cerium oxide via incipient wetness technique, the given 

concentration of cerium (2 and 4 wt.%) in the coating. Then the catalyst was dried and 

calcined at 500°C. 

As in earlier works [1,2], activity of the modified catalysts was tested on the NO 

reduction with propane, the space velocity of gas flow was 42 000h.1, temperature ranged 

from 200 to 500°C, the gas mixture had the following composition: NO 300 ppm, C3H8 

0.15 vol.%, 0 2 3.5 vol.%, N2 balance. Activity of the catalysts at standard conditions was 

characterized by the degree of NO conversion {Xo, %) at the preset temperature. 

After determination of NO conversion (Xo) at standard conditions, we introduced 

hydrogen sulfide (~300 ppm) and/or water vapor (~6 vol.%) into the reaction mixture at the 

preset temperature ( 400 or 500°C), Th~ catalysts were poisoned with the above admixtures 

during 30 min (one cycle), then the· feeding of H2S and/or water vapor was stopped and the 

degree of NO conversion was determined in thestandar~ reaction mixture (Xk, %) at the same 

temperature. Stability of the catalysts . to poisoning with sulfur and water vapor was 

determined from parameter !iXfX.o (determined as (Xo-Xk)/Xo and expressed in%). 

To determine stability of the catalysts in the presence of hydrogen sulfide and/or water 

vapor, poisoning lasted for 20 h, activity was measured every 2-4 h at standard conditions. 
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· The catalysts were regenerated at 500°C for 0.5-2 h in a flow of air, f.\ctivity was determined 
after regeneration of catalysts at standard'conditions (Xreg, %). '· , · · 

In order to study the effect of concentration of oxygen and NO on the catalyst activity, the 

concentration of 0 2 varied from 3 to 12 vol.% and of NO from 300 to 900 ppm. Studies were 

performed on the cordierite based monolith catalysts with an optimal composition of the 

zeolite coating. 

The catalysts were subjected to DIESEL tests at the Electrochemical Plant (Novouralsk, 

Russia), the space velocity was 50 000 h-1, the temperature was 400°C, and the gas mixture 

contained: 0 2 14.5 vol.%, NO 300 ppm, CO 1900 ppm, C3H6 200 ppm, C3Hs 300 ppm, CO2 

2500 ppm, H20 2.5 vol.%, nitrogen being the balance. Testing was performed on the 

cordierite based monoliths 25 mm in diameter and 75 mm in length, the composition of the 

zeolite-containing washcoat was optimal. _ 

Morphology of the catalysts was characterized using the scanning electron microscopy 

method on a REM-I OOU electron microscope. 

-,. XRD was performed using a HZG-4 diffractometer supplied with Cu Ka radiation. Phase 

composition was determined from diffraction patterns registered at} 0 /min and 20 = 4-40°. 

Formation of sulfur compounds on the catalyst surface subjected to poising with hydrogen 

sulfide was studied using a MAP-3 microanalyzer. The probe diameter was 1-2 mm, the 

working Voltage was'25 kW, KaAl, Ka Ti~ 'Ka Cu, and KaS were analytical lines. 

Results and discussion 
1 . . Initial activity of the monolith catalysts 

. In this work we studied the -monolith catalysts whose washcoating have the below 

compositions: (1) Cu [80% ZSM-5+ '20% y- A}z03) 

(2) Cu [80% ZSM-5+ 10% Ti02 + 10% y-Ah03] 

(3) Ce{Cu[80% ZSM-5 + 20% y-Ah03]} 

(4) Ce{Cu[80% ZSM-5 + 10% Ti02 + 10% y-A}z03]}. 

In · ~11 synthesized monolith catalysts, the washcoat was 10-13 wt.%. The concentration of both 

copper and cerium in the washcoating was 1-4 wt.%. According to ,the scanning electron 

nri&oscopy (Fig. 1), the support surface is densely covered with a homogeneous (without defects) 
! ' . 

wa:shcoating layer. To provide uniform and strong coverage of cordierite and alumosilicate based 

supports, the optimal thickness of the washcoat should be 15-20 and 20-50 ~km, respectively. 

Washcoating 

Support 

· ·: :' Fig. 1. Micrographs of surface of the washcoated support. 
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Table 2 presents data on the activity of monolith catalysts with a zeolite washcoat, the 

supports have different geometries, the experimental conditions are standard (without poisoning 

admixtures). For comparison, the table presents the activity of bulk Cu-ZSM-5 catalysts [1] which 

differ by copper concentration (1.1 and 3.5 wt.%) and zeolite module (Si/Al =34 and 73). It was 

shown [1] that irrespective of the zeolite module, the activity of bulk Cu-ZSM-5 catalysts reaches 

its maximum (the absolute maximal activity is 94-97% at T = 400-500°C) when the level of ion 

exchange (2 x 1 00x Cu/ Al, % [20]) is close to 100%. This maximum activity maintains as the 

degree of exchange increases to 430%. According to [2J, an introduction of20 wt.% AhO3 or 10 

wt.% TiO2 + 10 wt. % AhO3 results in a small decrease in the activity of the bulk zeolite­

containing composition. 

At 400°C, the , activity of the monolith catalysts with a washcoating supported on the 

alumosilicate or cordierite is 30-47 rel.% lower than that of the bulk catalysts of similar 

composition (compare samples 3 and 7,12; 5 and 9,13; 6 and 8 in Table 2). The difference 

between activity of the bulk and washcoat monolith catalysts reduces to 17-24 rel.% as 

temperature rises to 500°C. 

Table 2. Properties of the synthesized bulk and washcoat monolith catalysts 

N'!! Washcoat composition NO conversion, %, 
atT°C 

-
400 450 500 

1 3.5%Cu-ZSM-5(bulk), Si/Al=73, [1] 94 99 97 
2 l.1%Cu-ZSM-5(bulk), Si/Al=34, [1] 94 97 96 
3 0.9%Cu[80%ZSM-5 + 20%A}zO3], (bulk), Si/Al=73, [2] 85 92 93 
4 0.9%Cu[80%ZSM-5 + 20%AbO3], (bulk), Si/ Al=34, [2] 77 86 90 
5 1.6%Cu[80% ZSM-5 + 10%TiO2+10%AhO3], 84 87 87 

(bulk), Si/ Al=34, [19] 
6 4%Ce{l.2%Cu[80%ZSM-5 + 20%AbO3]}, 64 77 84 

(bulk), Si/ Al=34, [ 19] 

7 Cu[80%ZSM-5 + 20%A}zO3]/alumosilicate, Si/Al=73, [19] 45 65 70 
8 Ce{Cu[80%ZSM-5 + 20%Al2O3]}/alumosilicate, Si/Al=73, [19] 43 62 69 
9 Cu[80% ZSM-5 + 10%TiO2 + 10%A}zO3]/alumosilicate, 55 64 72 

Si/Al=34, [19] 
10 4%Ce{Cu[80%ZSM-5 + 10%TiO2 + 10%AhO3]}/alumosilicate, 48 60 64 

Si/Al=34, [19] 
11 4%Ce{Cu[80%ZSM-5 + 10%TiO2 + 10%AhO3]}/alumosilicate, 48 59 65 

Si/Al=73, [19] 

12 Cu[80%ZSM-5 + 20%AhO3]/cordierite, Si/A1=34 60 70 73 
13 Cu[80% ZSM-5 + 10%TiO2 + 10%AliO3]/cordierite, Si/Al=34 58 67 72 
14 2%Ce{Cu[80%ZSM-5 + 10%TiO2 + 10%AhO3]}/cordierite, Si/Al=34 45 59 64 
15 4%Ce{Cu[80%ZSM-5 + 10%TiO2 + 10%A}zO3]}/cordierite, Si/Al=34 37 56 61 

16 Co-ZSM-5, [21]* 89 96 95 
17 [Cu-ZSM-5 + Co-ZSM-5], [21]* 89 90 89 

*) the space velocity is 12 000 h-1, C2~ is a reducing agent. 
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Wheri the conditions of ion exchange provide the exchange degree close to 100% (the 

concentration of copper acetate solution is not lower than 5 mg CuO/ml [1,21), the zeolite module 

does not affect the activity of monolith catalysts based alumosilicate (compare samples 10 and 11 

in Table 2) as in the case of bulk CtiZSM-5 catalysts [1]. In case of the catalysts containing 

copper-substituted zeolite and 20% Ah03 in the washcoat, introduction of 10% Ti02 instead of 

10% A}z03 into the washcoat does not change the catalysts activity (compare samples 12 and 13). 

As cerium dioxide is introduced in the washcoated -monolith catalysts, the activity decreases 

(compare samples 4 and 6, 9 and 10, 13,14, and 15 in Table 2). When the concentration of cerium 

dioxide is 24 wt.%, the activity decreases by 40-60 rel.% at 300400°C and by 10-20 rel.% at 

450-500°C. It should be noted that an introduction of both 2 and 4 wt.% Ce02 changes less 

the activity of catalysts prepared by ion exchange from solutions containing 5 mg CuO/ml 

than those prepared from the solutions containing 10 mg CuO/ml. 

-- For comparison, Table 2 presents literary data on the activity of monolith catalysts 

with ·a washcoat containing Co or (Co-Cu)-substituted zeolite [21]. Taking into ·account the 

fact that nitrogen oxide was reduced with ethylene [21] and the time of contact was 3.5 times 

longer than in our work, one can conclude that the activity of the samples is comparable. 

As the concentration of NO in the reaction mixture is raised from 300 to 900 .ppm and 

the concentrations of C3Hg and 02 are~ 1200 ppm and 4.2 vol.% respectively, the degree of 

NO conversion on the cordierite based catalyst modified with titania and cerium oxide 

preserves constant and is 18-22% at 400°C and 39-42% at 500°C. 
; .• .-. . : ' 

2. Activity of the monolith catalysts afier poisoning with H,S and/or H,,O 
Actual diesel vehicle emission gases contain large amounts of oxygen ( ~ 5-12. vol.%), 

water vapor (~ 10 vol.%), and S02 (~ 20 ppm) [3,5,7], for this reason it is important to 

eluci_date their effect on the activity of copper-substituted zeolite catalysts. 

In our recent work [19] we have shown that H2S completely converts into S02 at temperatures 

higher than 250°C on both bulk and monolith CuZSM-5 catalysts. Changes in the catalyst activity 

(sample 9 in Table 2) and concentration of S02 at the reactor outlet were studied during one cycle 

of poisoning with H2S at 400 and 500°C. At the instant H2S is introduced into the gas m,ixture at 

400°C, the degree of NO conversion decays rapidly and the outlet concentration of S02 increases 

at a time. Then both parameters become stable. As H2S feeding is cut off, the catalyst activity 

lightly increases at 400°C, but the initial activity is recovered only after the catalyst regeneration. 

At 500°C, the catalyst activity decreases from 65 to 60% during H2S feeding into the gas mixture . . .. 

and regains its initial value as H2S supply is cut off. Note that S02 emission was not observed 

when the c~talyst was regenerated at 550°C. . . . 

. Deacti~ation of the catalyst observed during one poison~"tlg cycle atAOO and 500~C,)artial 

reduction of the catalyst activity afterremoval of H2S and S02 from the, gas mixture and the 

possibility of almost complete catalyst regeneration at 550°C during 30 min indicate that the 

ipteraction .of S02 with the catalyst surface is of the adsorption nature. The observation that 
. . . . ' . ! 

the catalyst stability to sulfur poisoning sharply increases as temperature raises ' from 300 to 

500°C also confirms the adsorption nature of S02 interactioh with the catalyst surface. In the 
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presence of water vapor in the reaction gas mixture, the dynamics ·of a decrease in the activity 

of the above catalyst is similar. 

Based on the testing results one can suggest that the degree of catalyst deactivation during 

poisoning with water or sulfur and consequently their stability to these poisons is determined 

by the catalyst composition and reaction temperature and can be estimated using llX/Xo. Data 

on the catalyst stability to poisoning with water vapor and sulfur are given in Table 3. 

A comparison of ilX/Xo for samples 1,2, and 3 (Table 3) shows that it is possible to 

increase the catalyst stability to hydrogen sulfide both at 400 and 500°C by modifying the 

washcoat . with titanium dioxide. Regenerating (500°C, 30 min, air flow) the catalysts 

containing 10% TiO2 in the washcoat, one can completely restore their initial activity. When 

the catalysrsample is not doped with TiO2, its activity restores only partially. 

Introduction of ~ 4 wt.% cerium into the washcoat provides the catalyst stability at 4Q0-

5000C in the presence of water vapor (compare llXfXo for samples 5 and 6 in Table 3). 

Table 3. Activity of monolith catalysts after one cycle of poisoning with water or/and hydrogen sulfide 

N!! Washcoat composition T, uc NO conversion 

Xo Poisoning XK ilX/X0 XpereH 

% H2O I H2S % % % 

1 Cu[80%ZSM-5 + 20%AhO3) 400 45 - + 10 78 29 
(Sample 7, Table 2) 500 70 41 44 . 52 

2 Cu[80%ZSM-5 + 10%TiO2 + 10%AhO3) 400 56 - + 40 29 55 
(Sample 9, Table 2) 500 65 64 2 64 

3 Ce{Cu[80%ZSM-5+ 10%TiO2+ 10%Ah~]} 400 42 - + 26 38 42 . 
(Sample 10, Table 2) 500 54 54 0 54 

4 Cu[80%ZSM-5 + 20%AhO3) 400 45 + - 8 82 42 
(Sample 7, Table 2) 

5 Cu[80%ZSM-5 + l0%TiO2 + 10%A}iO3] 400 55 + - 10 82 53: 
(Sample 9, Table 2) 

6 Ce{ Cu[80%ZSM-5+ l0%TiO2+ 10%AhO3]} 400 41 + - 41 0 41 
(Sample 10, Table 2) 500 54 54 0 54 

7 Ce{Cu[80%ZSM-5+ 10%Ti0i+ 10%Ah~]} 400 44 + + 26 40 44 
(Sample 10, Table 2) 500 56 56 0 56 

· When the catalyst modified with titania and cerium oxide (sample IO in Table 2) is treated 

with water vapor and sulfur compounds, it behaves as in the case of poisoning with hydrogen 

sulfide alone (compare samples 3 and 7). After regeneration, the catalyst activity restores 

completely. 

Stability of the titanium-cerium modif.ied catalyst supported on the alumosilicate monolith 

(sample 10 in Table 2) was studied during long-term tests both in the presence and in the 

absence of poisons at a temperature of 400°C when maximal changes in the catalyst activity 

are observed during short-term poisoning of c,atalysts. The results are given in Table 4. 

Activity of the catalyst subjected to poisoning with hydrogen sulfide for 20 h :at 400°C 

changes as in the case of short-term poisoning [19]. The cataiyst activity decreases and llXIX.o 

is 54 rel. % after 20 hours of catalyst deactivation. Regeneration at 500°C for 30 niin results 

in a partial restoration of the catalyst activity and a four-hour regeneration recovers almost 
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completely the initial catalyst activity. According to X-ray microanalysis (Fig. 2), about 0.8% 

of sulfur compounds (compare to 1.1 % sulfur immediately after sulfur poisoning) remain in 

the washcoat after long regeneration and complete restoration of the initial catalyst activity. 

,Since line KaS behaves similar to line KaCu and partially follows line K13 Ti, one can suggest 

that sulfur is bonded with copper and titanium, but the bond with copper is more pronounced. 

Table 4. Activity of monolith catalysts subjected to long poisoning (20 h) with water vapor and /or 

hydrogen sulfide 

NQ Washcoat composition T, uc NO conversion 

Xo Poisoning XK !l.X/Xo XpereH 

% H2O IH2S % % % 

1 Ce{Cu[80%ZSM-5+ 10%Ti0z+ 10%AhO3]} 400 41 - - 39 5 -
(analogue of Samlpe 10, Table 2) 

2 Ce{Cu[80%ZSM-5+ 10%Ti0z+ 10%A}iO3]} 400 39 + - 27 31 36 
(analogue of Samlpe 10, Table 2) 

3 Ce{Cu[80%ZSM-5+ 10%Ti0z+ 10%AhO3)} 400 39 - + 18 54 23 
(analogue of Samlpe 10, Table 2) 

4 Ce{Cu[80%ZSM-5+ l0%TiO2+ 10%AhO3]} 400 37 + + 28 24 36 

(analogue of Samlpe 10, Table 2) 

Testing of the catalyst (sample 10 in Table 2) in the presence of water vapor at 400°C 

for 20 h results in a significant decrease in the catalyst activity (note that this decrease is not 

observed for a short-term poisoning of this catalyst). After regeneration at 500°C for 30 min 

in air, the catalyst activity restores almost completely. A comparison of the diffraction 

patterns of the Cu-ZSM-5 catalyst (Si/Al= 34 and 3.1 % Cu) before and after its testing for 20 h 

in the presence and absence of water vapor does not reveal changes in the initial structure of 

Cu-ZSM-5: the diffraction patterns of the samples are similar to those of zeolite H-ZSM-5. 

In the presence of both water vapor and hydrogen sulfide in the gas mixture at 400°C for 20 h, 

the catalyst activity decreases by 24 rel.% and restores completely after regeneration at 500°C 

for 30 min. 

For the catalyst with a washcoat supported on the cordierite and promoted with both 

titanium and cerium oxides (sample 15 in Table 2), the dynamics of changes in the activity in 

the presence of water vapor and/or sulfur is similar. The catalyst loses its activity after the 

introduction of water vapor(~ 6 vol.%) into the reaction mixture during the initial 15-20 min 

(Fig. 3). During the next 20 h the activity holds at a level of 20-22%. However, the catalyst 

restores its activity after regeneration at 500°C for 30 min. 

3. Effect of the concentration of oxygen and water vapor on the NO conversion 

As water vapor ( ~ 2.5 vol.%) is introduced into the reaction mixture and the concentration 

of oxygen is raised from 3.5 to· 12 vol.% at a time, the catalyst activity significantly decreases 

over the entire temperature range. For the catalysts modified with titanium an'd cerium.oxides, 

the maximal degree of NO'conversion is 30-32% at 500°C, which correspoilds to ·a &ro-fold 

dip in the catalyst activity · as compar~d to the NO conversion in 'the dry mixture, 

containing~ 3.5 vol.% oxygen (XNo ~ 61-64%). 
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Fig. 4. Stability of sample 15 (Table 2) in the presence of water vapor (2.5 vol.%) at varying 
concentration of oxygen at 400°C 

Figure 4 shows the dynamics of changes in the activity of the above catalyst in the presence of 

water vapor (2.5 vol.%) and at varying concentrations of oxygen in the reaction mixture. The 

figure suggests that the degree ofNO conversion is the same at 400°C and reaches 16-18% when 

the concentration of oxygen in the dry reaction mixture is 3.5 and 12 vol.%. As water vapor is 

introduced in the above reaction mixtures, the catalyst activity decays. When the reaction mixture 

contains ~3.5 vol.% Oi, an introduction of water vapor decreases the catalyst activity up to 15%. 

After termination of water vapor feeding into the reaction mixture, the catalyst activity restores to 

its initial value. When water vapor is introduced into the mixture containing ~ 12 vol.% 0 2, the 

catalyst activity decays by a factor of 2 and restores completely after termination of water feeding 

and regeneration of the catalyst at 500°C for 30 min (Fig. 4). Therefore, the monolith catalyst with 

a modified Cu-ZSM-5 washcoat layer undergoes significant deactivation by small amounts of 

water vapor (~2.5 vol.%) in the presence oflarge amounts of oxygen(~ 12 vol.%). 

4. DIESEL tests of the catalyst modified with titanium and cerium oxide admixtures 

The cordierite based catalyst, containing 4% Cell% Cu(80% ZSM-5 + 10% 

TiO2 + 10% A}iO3) in the washcoat layer, was subjected to DIESEL tests. Three samples 

were aged in the moist air atmosphere during 4 h at 500, 600, and 800°C, respectively. The 

catalyst preliminary aged at 500°C for 4 h in moist air was additionally aged at ~800°C for 7 h 

in dry air. The catalyst activity was characterized' by a temperature at which 50% conversion 

of hydrocarbons (HC) and carbon monoxide CO was obtained anµ by the degree of 

conversion of HC, CO, and NO at 400°C. The results of testing of the fresh catalyst samples 

and the samples aged at different conditions are given in Table 5. 

According to DIESEL test, simulating the lean-bum operation conditions, the monolith 

catalyst containing Cu-ZSM-5 and titanium and cerium modifying agents in the washcoat 

exhibits rather low activity. At-100°C, the degree of conversion ofhydrocarbons, CO, and. NO 
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is 70.7, 85.6, and 8.8%, respectively. When the catalyst is aged in moist air, the degree of CO 

conversion tends to decrease as the aging temperature rises from 500 to 600°C. Note that'the 

catalyst aging at the above conditions does not affect its activity with respect to HC and NO. 

As the temperature of aging in the moist air atmosphere increases to 800°C, the catalyst 

completely loses its activity, the degree of conversion of HC, CO, and NO decreases by a 

factor of 4, 9, and 3, respectively. When the catalyst was preliminary aged at 500°C in the 

presence of water vapor and then additionally aged at 800°C in dry air, the catalyst activity 

decreases by a factor of 1.3, 5.3, and 2 with respect to HC, CO, and NO,·respectively. Thus, 

the DIESEL test suggests that the catalyst is significantly deactivated at 800°C. Note that 

water vapor enlarges the degree of catalyst deactivation. 

It should be noted that thennal aging at 800°C in the atmosphere of dry. gas mixtures as 5% 

H2/N2 and 5% O2/N2 and hydrothermal aging at 500-600°C in the presence of water vapor (to 10 

vol.%) were observed for the bulk [22,23] and monolith [24] Cu-ZSM-5 catalysts. Thus, the 

activity of the monolith Cu-ZSM-5 catalyst [24] decayed from 60 to 17% during 70h at 485°C in 

the reaction mixture simulating the lean-bum gases at a flow rate of 30000 h"1• 

Table 5. DIESEL testing of the cordierite based catalyst containing 4% Ce/1 % Cu (80% ZSM-5 . . 

+ 10% TiO2 + 10% Ah03) in the washcoat 

Conversion temperature Conversion(%) degree at 400°C 

(TSO';.), °C 

HC co HC co NO 

Fresh catalyst samples 

1 323 357 70 86 8 

2 318 358 71 87 9 

3 321 362 71 83 10 

Samples aged in moist air 

500°C/4hrs 330 379 . 1 70 74 9 

600°C/4hrs 335 393 ' · 70 63 8 

800°C/4hrs - - ,·.• 16 9 3 . " 

800°C/7hrs, 396 - 55 16 5 
dry air 

Discussion 
The literature data [4,25] permit one to suggest that isolated ions Cu2+ in Cu-ZSM-5 

catalysts are responsible for reduction of NOx with hydrocarbons. In the presence of water 

vapor, the zeolite is dealuminated [7, 18,22] -and the state of copper changes irreversibly 

[18,26], .which may result in following action of copper with AI;b3 [22,23,27,28] formed 

upon dealumination. However, XRD data of this work and ref. -[22] do not show changes in 

the crystallinity of ZSM-5. On long storage in air [1], Cu-ZSM-5 can undergo aging resulting 

in formation of the clustered copper as inactive CuO. 

A stabilizing effect of ceriwn ions on the activity of Cu~ZSM-5 in the presence of water 

vapor can be attributed to the suppression of both formation of clusters CuO and dealumination of 
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the zeolite. After removal of water vapor from the gas phase at temperatures below 500°C, the 

initial activity of the cerium modified Cu-ZSM-5 catalyst [ 18] partially reduces. According to ref. · 

[19] and our data, the catalyst activity restores completely. Note that as the concentration of 

cerium increases, its stabilizing effect in the presence of water vapor improves [ 18]. Increasing the 

concentration of copper in Cu-ZSM-5, it is also possible to slightly increase its stability [18]. 

Cerium doping of Cu-ZSM-5 probably hinders migration of Cu2+ to the zeolite surface and 

formation of CuO. A slowing down in the formation of surface clusterS CuO was confirmed by 

the absence of changes in the atomic ratio Cu/Si, which was observed by XPS of the modified 

Cu-ZSM-5 catalysts subjected to different treatments [18,29]. 

On the other hand, water vapor (the reaction temperature is ~400°C) is responsible for 

a decrease in the number of aluminum tetrahedrally coordinated cations at the expense of 

dealumination of the zeolite [3,7,18]. In this case, the zeolite crystal structure does not 

practically change. Ion Ce3+ partly situated on the ion-exchange positions interacts with ion 

At3+ in its tetrahedral positions to hinder diffusion of aluminum from these positions into the 

octahedral positions as in the case of stabilization of low-temperature y-_AlzO3 [30]. In 
addition, the ion-exchanged cerium may lower the zeolite dealumination, caused by 

hydrolysis in the presence of water vapor, owing to the decrease in the number of positions 

occupied by ion-exchanged copper, where protonation would take place easier. Similar effect 

of a decrease in the dealumination degree was observed in the case Cu-ZSM-5 in the presence 

of2% H2O, compared to H-ZSM-5 [23]. 

Stability of the cerium modified zeolite catalyst in the presence of water vapor is 

apparently provided by two facts: occupation of the ion-exchange positions with cerium 

cations, which hinders tlle catalyst dealumination, and presence of the surface CeO2 phase, 

which hinders formation of clusters CuO. 

The titania modified zeolite catalysts are more resistant to sulfur poisoning, which is 

probably associated with the fact that sulfation of the high disperse anatase is similar to that of 

copper and aluminum oxide yielding titanyl sulfate. We suggest that a presence of titanium 

oxide in the catalyst results in a decrease in the portion of sulfur interacting with copper 

cations in the zeolite. For this reason, the titanium modified zeolite catalysts are only partially 

stabilized in the presence of hydrogen sulfide. In contrast to Ti 02, the titanium oxide modified 

with a sulfate ion [32] exhibits a rather high activity on the selective reduction of NO with 

propane especially at a temperature range of 400-600°C. This observation was attributed to a 

change in the oxidation ability of TiO2 with respect to hydrocarbons. Thus an increase in the 

stability of titania modified zeolite catalysts to sulfur poisoning can be also caused by formation 

of sulfated TiO2 contributing to the total catalyst acti\-jty on SCR NOx with propane. 

So, the composition of the modified monolith zeolite catalysts, synthesized by the ion 

exchange method described elsewhere [1,2], provides their stable operation in the presence of 

water vapor and sulfur when the conditions of the reaction performance and catalyst treatment 

are properly chosen. 
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Abstract 

The capability of combustion of solid fuels (such as the brown coal of the Kansk-Achinsk coal 

deposit) in the fluidized bed of an inert material in the presence of unmovable catalytic 

packages is investigated. This arrangement of the catalytic process is shown to allow the 

achievement of the same parameters of the fuel bum-off and the content of toxic substances in 

the flue gas as in the case of fuel combustion in the fluidized bed of catalyst grains. The new 

arrangement of catalytic processes can be recommended for the accomplishing of some other 

exothermic catalytic reactions which require the maintenance of isothermal conditions. 

Introduction 
Today, the use of fluidized bed of catalyst to conduct some exothermic catalytic reactions is a 

common approach of chemical industry [1,2]. An important advantage of such arrangement of 

catalytic processes i~ the possibility to maintain their isothermity, and as result, there is 

possibility to eliminate heat directly from the bed at the maintenance of the predetermined 

temperature. 

One of directions of the use of fluidized bed of catalyst is the low-temperature combustion of 

fuels [3 ,4]. Indeed, the presence of a catalyst allows to decrease the temperature of the organic 

fuels combustion from 1000-1200°C (the temperature of a torch combustion) to 300-700°C, 

with high rates of the fuel combustion being saved and the complete fuel combustion being 

provided without excess of air. In comparison with known conventional ways, fuel 

combustion in the fluidized bed of catalyst allows: to reduce the requirements to 

thermochemical stability of constructional materials of the . combustion apparatus and to 

diminish their erosive wear; to reduce losses of heat through the walls of the apparatus; to 

reduce the explosion risk of the combustion devices; to achieve high (up to 5-108 kJ/m3hr) 

values of the calorific intensity of the furnace volume and, therefore, to reduce considerably the 

overall sizes, weight and power-to-weight ratio of the combustion devices; to eliminate the 

secondary endothermic reactions which are accompanied by producing the toxic products. On 

the base of the fuel combustion in the fluidiz~d bed of catalyst, a set of apparatuses for heating 

and evaporation of liquids, drying and heat treatment of solid materials, neutralization of 

industrial gaseous, liquid and solid emissions as well as for number of other processes [5-9] 

were created. 
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At the same time the fluidized bed of catalyst has two essential disadvantages. 

. . 

(1) The attrition of the catalyst achieves 0.3-0.5 wt.% per day, that requires a permanent 

additional loading of the catalyst in the reactor during its operation. Under condition of the 

catalyst high selling value (up to $15,000 per ton), there are certain financial difficulties 

during the operation of existing plants as well as at the creation of new installations. 

(2) The fluidized bed is usually characterized by the presence of gas bubbles, within those the 

running of the fuel burning process via the conventional flame mechanism is possible, that leads to 

the formation of toxic compounds (CO, NOx, SO2, etc.). To exclude th¢ phenomenon of the 

bubbles formation, it is needed to.regulate the fluidized bed with a small volume package which is 

able to break the gas bubbles. But the package presence results in an increase of the catalyst 

attrition. 
; 

Previously we have shown [10], that the both disadvantages can be avoided with the use of the 

fluidized bed of an inert material (for example, sand) regulated with an unmovable small 

volume catalytic package. The rings from the pressed nickel-chrome wire or blocks from the 

metal-ceramic plate were used as the packages in these experiments. Catalytic active 

components (palladium, copper chromite, and other) were deposited on the packages. 

However, the technology of the manufacturing the indicated above packages is indeed rather 

laborious. In addition, the increase of the surface of the catalytic packages requires precoating 

the packages with a porous carrier. 

In the present work, the possibility of an application of the unmovable catalytic packages on 

the base of the shaped porous alumina with the developed specific surface' to carry out the 

solid fuel combustion in the fluidized bed of inert material is considered. 

Methods 

The study of the solid fuel combustion in the fluidized bed of an inert material with catalytic 

packages was conducted with the laboratory installation, the scheme of which is shown in Fig. 

1. A stainless steel reactor (1) had 40 mm in diameter, 1000 mm in heigh! ~d 1260 cm3 in 

volume. The bottom of the reactor was provided with a gas-distribution grid (2) made as a 
. . 

stainless_ steel plate with thickness 1.5 mm and holes of 0.5 mm. The upper part of the reactor 

was provided with a water heat exchanger (3) for cooling the powder-gas mixture. 
•. i:1. 
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Fig. 1. A scheme of the laboratory set up for testing the unmovable catalytic packages at the solid fuel 
combustion in the .fluidized bed of an inert material: 
1 - reactor; 2 - gas-distribution grid; 3 - water heat-exchanger; 4 - unmovable 
catalytic package; 5 - electric heater; 6 - ejector; 7 - rotameters; 8 - valves; 9 -
transporter-feeder; 10 - bunker for solid fuel; 11 - cyclon; 12 - bunker for ash. 

. . . 

The procedure of the experiments was the following. A catalytic package (4) with overall 

height 850 mm was placed in the reactor (1), and then an inert material (a river sand) with the 

particles size of 0.63-1.25 mm in quantity 0-400 cm3 is loaded. The bed of this inert material 

in the_ fixed state is heated up to the operating temperature with an external electric heater (5). 

The temperature control in the reactor is carried out with thermocouples. Then, the necessary 

air supply to an ejector (6) and to the bottom of the reactor under the gas-distribution grid (2) 

is fixed with the use of valves (7) equipped with rotameters (8). The total air supply to the 

reactor makes up 3.5 m3/hr. After supplying the~ in the reactor and fluidizing the sand bed, the 

mover of a transporter-feeder (9) is turned on to doze a solid fuel. The fuel supply to the reactor is 

regulated by the size of a gap between bunker (10) and the transport tape and makes up 105 glhr. 

The powder-gas mixture formed in the reactor goes to a cyclone (11 ), where the ash particles are 

separated from the gas. Then, the ash particles are transported to a bunker (12). 
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Chromatograph LCM-80 (USSR) and a Quintox (Kane International Ltd.) equipment were 

used for the flue gas analysis. ' ; 

A brown coal of the Kansk-Achinsk deposit with wetness of 13.0%, ash content of 29.0% and 

the particles size less than 0.2 miri was used as the solid fuel. 

The burn-off, S, of the coal was determined with the data on the ash content in the solid products 

as: 

f3(%) = 10000 (ArA0 ) I (Ai (lO0-A0 ), 

where A0 is the initial ash content in the coal, %; A1 is the ash content in the solid products 

after the coal combustion,%. 

Porous ceramic rings of 18-20 mm in height, 10-11 mm in internal diameter, 18-20 mm in 

external diameter were used as elements for the preparation of the packages. The rings were prepared 

by the extrusion of a mixture of plasticized aluminium hydrate and powder-like alumina with the 

following drying and calcination at 600°C. The specific surface area of the rings was 150 m2/g. The 

rings were impregnated by the 30% copper bichromate solution. The solution amount for the 

impregnation was corresponded to the pore volume of the rings. Then the rings were dried at 120°C 

during four hours and calcinated at 700°C during two hours. Two types of packages (A and B) both 

850 mm in the overall height with a different disposition of the rings were produced (Fig. 2). In 

package B, the distance between the layers composed of three rings was equal to the height of one 

ring. In package A, one additional catalytic ring was placed between such layers of the rings. The 

volume part of package B in the reactor made up 22.0%, while the volume part of package A in the 

reactor made up 28.0%. 

A commercial catalyst IC-12-73, produced by AO "catalizator" (Novosibirsk) and consisting 

of aluminium, copper, magnesium and chromium oxides, with the particles 2 mm in diameter 

was used for providing some comparative experiments with the fluidized bed of catalyst. In 

this case, the fluidized bed of the catalyst was regulated with a small volume package made of 

a stainless steel with sells 15x15xl5 mm in size. 

A B 

Fig. 2. The tested arrangement of the unmovable catalytic packages on the base of the Raschig rings. 
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Results and discussion 

It is well known [11 ], that in the cylindric reactors of a small diameter, particles fluidization occurs 

in a plug mode. fu this connection, the effect of the discussed catalytic packages on the character of 

the fluidization of sand with the particles size of 0.63-1.25 mm was studied preliminary with a 

"cold" model of the reactor. This model reactor has shape of a glass tube of 40 mm in diameter, 

the range of the air flow velocity varied from 0.88 mis to 3.3 mis. The bottom of the glass tube 

was provided with the same gas-distribution grid as the experimental reactor for the coal 

combustion. The packages were placed above the gas-distribution grid of the glass tube, and 

the distance between the bottom of the packages and the gas-distribution grid made up 100 

mm. It turned out, that in the presence of catalytic packages A or B, the character of the sand 

fluidization along the packages becomes uniform. That provides an intensive circulation of the 

sand particles between the bottom and upper part of the bed. The· plug mode of the sand 

fluidization is observed only under the packages at the bottom of the bed, which is used for 

the mixing of the sand and solid fuel particles. The plug mode of the sand fluidization 

disappears at placing, in the bottom of the reactor, of a small volume metal regulating package 

with sells 15xl5xl5 mm in size. Such arrangement of the catalytic and regulating packages 

was used in the stainless still reactor too for conducting the coal combustion in the fluidized 

bed of the sand. 

The combustion of the brown coal in the fluidized bed of the sand in the presence of the 

catalytic packages and comparative experiments with the fluidized bed of catalyst IC-12-73 

were conducted at the air supply 3.5 m3/hr and the bed temperature 700-800°C. fu these 

conditions, the operating velocity of the gas flow makes up 2.8-3.0 mis. At the same time, the 

coal particles with the size less then 0.2 mm pass through the fluidized sand bed as well as the 

catalyst bed in the regime of the pneumatic transport. 
co 
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Fig. 3. Dependence of the brown coal burn-off (13), and CO concentration in the flue gas at the brown 
coal combustion in the fluidized bed of the river sand in the presence of unmovable catalytic 

package Bat 750°C on the load of the sand. 
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Fig. 3 shows the influence of the sand quantity loaded in the reactor on both the burn-off of 

the brown coal and the CO concentration in the flue gas at the coal combustion temperature 

750°C in the presence of package B. It is obvious, that in the absence of the sand, the burn-off 

of the brown coal achieves only 70.4%, and the CO concentration makes up 0.32% vol. 

Gradual increasing of the sand load leads to an essential increase in the burn-off of the brown 

coal particles and decrease in the CO concentration in the flue gas. The maximal bum-off of 

the brown coal at the predetermined temperature was reached at the sand load 300 cm3; 

accordingly, the CO concentration falls to 0.03% vol. At the further increasing of the sand 

load from 300 cm3 up to 400 cm3, the bum-off of coal practically does not change, however, 

the CO concentration in the flue gas falls from 0.03% vol. to 0.01 % vol. The amount of the 

loaded sand influences also the temperature regime of the coal combustion. For example, at 

the combustion of the brown coal with package B in the absence of the sand, the temperature 

of the bottom of the reactor (under the package) makes up 550-600°C, while in the upper part 

of the reactor the temperature makes up 750°C. The temperature gradient between the bottom 

and upper part of the reactor keeps the same value, when 100 cm3 of the sand is loaded in the 

reactor. The equilibration of temperatures in the bottom and upper part of the reactor occurs only at 

increasing the sand load from 100 cm3 to 400 cm3; in this situation the unmovable catalytic 

package B completely locates completely inside the fluidized bed of the sand. 

Thus, the combustion of dusted brown coal in the mixture with air in the presence of catalytic 

package B without a load of sand does not provide the required coal burn-off, and the flue gas 

contains a significant amount of CO. At the same time, the gradient of temperatures along the 

reactor achieves 200°C. A high bum-off of the brown coal under isothermal conditions is 

achieved when the catalytic package locates completely inside the fluidized bed of sand. 

The data on the influence of temperature on the burn-off of the brown coal and the CO 

concentration in the flue gas at the coal combustion in the presence of unmovable catalytic 

package B with the sand load 400 cm3 are listed in Table 1. It is evident, that with rising the 

temperature from 700°C to 800°C, the burn-off of the coal increases from 89.8% to 97.6%. 

While the CO concentration in the flue gas decreases from 0.06% vol. to less than 0.01 % vol. 

It should be stressed, that at the temperature interval from 750°C to'800°C the change ofthe 

brown coal burn-off is negligible the same as the change of the CO concentration in the flue 

gas. 

419 



PP-41 
Table 1. Influence of temperature in. the reactor on the b~m-off of the brown coal in the fluidized bed 

of the sand with catalytic package B (the load of the sand particles is 400 cm3) 

Temperature, °C CO concentration % vol. Coal burn-off 13, % 

.700 0.06 :'J 89.8 

750 O.ol 93.7 

800 <0.01 96.6 

Table 2. Comparison of the brown coal burn-off at its combustion in the fluidized bed of the sand in the 

presence of different unmovable catalytic packages and in the regulated fluidized bed of catalyst IC-12-73, 

the temperature in all cases is 750°C 

. Catalyst · CO concentration, % vol. Coal bum-off /3, % 

Package B and 400 cmJ of the sand 0.01 93.7 

Package A and 400 cm3 of the sand <0.ol 98.0 

400 cm3 of IC-12-73 <0.01 
,-

97.6 

The use of unmovable catalytic package A allows to achieve a higher, in comparison ~ith the 

package B, bum-off of the brown coal (98.0%) already at 750°C. And the CO concentratton in 

the flue gas also makes up less than 0.0 I% vol. (Table 2). The experimental data on the brown 

coal combustion in the regulated fluidized bed of catalyst IC-12-73 are listed also in Table 2. 

One can see, that locating the unmovable catalytic package of type A in .the fluidized bed of 

the sand allows to achieve the same parameters of the brown coal combustion as at the use of 
. . . . . . . ~ ,· 

the fluidized bed of the catalyst. This is confirmed also by close values of the concentrations 

of toxic compounds in the flue gas in both cases (Table 3). 

ThJs, unmovable catalytic package A appears to be more efficient, in comparison with package B, 

for 'the combustion of the dusted brown coal in the fluidized bed of the sand. Furthermore, the 

combustion of the dusted brown coal in the fluidized bed of the sand in the presence of 

unmovable catalytic package A provides the same bum-off of the coal as welL as low 

concentrations of toxic cmnpounds in the flue gas as at the combustion orthis coa1:)n the 

fluidized bed of the catalyst. . ., 

Today, the selling price of spherical catalyst IC-12-73 makes up $15,000 per ton. The selling 

price of catalytically active Raschig rings, from which the catalytic package can be produced, 

makes up $7,000 per ton. A commercial catalytic heat supply unit (CHSU) with useful heat 

power I Gcal/hr needs 1 ton of catalyst IC-12-73 for loading the reactor. The necessary 

quantity of the Raschig rings for CHSU with the same power would make up 03 ton. A 

warranty assurance of catalyst IC-12-73 equals to 6 months: of the continuous. operation; 

accordingly, fhe annual operating cost ~f the cafalyst will make up $30,000. If the life time of the 

unmovable catalytic package equals even to 1 year (the expected life time is 3 years), the annual 

operating cost of the catalyst like the above Raschig rings would be equal only to $2,100. 
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Table 3. Concentration of harmful substances in the flue gas at the brown coal combusti~n in the 

fluidized bed of the sand with: catalytic package A and in the fluidized bed of catalyst IC-12-73 at 

750°C (the data are obtained with the Quintox device) 

Catalyst ·' • . Concentration in the flue gas, ppn:i 

NO NO2 SO2 co 
IC -12-73 76 1 16 41 

Package A 92 ·I 23 ' 70 

Conclusion 

Catalytic combustion of solid fuels in the fluidized bed of inert material in the presence of an 

unmovable catalytic package •allows to achieve the same parameters of the process as in the 

case of the fuel combustion in the regulated uniform fluidized bed of c~talyst. Afthe same 
' 

time, in the second case, the operating cost of the catalyst is reduced rriore than by the factor 
·_ ·; . ' ff ' i:> 

of 10. The suggested arrangement of catalytic processes can be recommended for 

accomplishing also some other exothermic catalytic reactions which require the maintenance 

of isothermal conditions. 
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NEW APPROACHES TO SYNTHESIS OF LOW TEMPERATURE CATALYSTS 

FOR METHANE DEEP OXIDATION •· 

G.R.Kosmambetova, M.R.Kantserova, K.S.Gavrylenko, S.M.Orlyk, V.L.Struzhko 

Pisarzhevsky Institute of Physical Chemistry of the NAS of Ukraine, 

31, Pr.Nauld., Kyiv, 03039, Ukraine 

e-mail: orlyk@ukrtel.com 

A need for efficient use of carbon fuel is challenging more rigid requirements to catalysts for 
' 

fuel deep oxidation in heat generators and combustion chambers. N~w generation's catalysts 

have to provide 100% conversion of methane into CO2 at temperatures below 500°C with 

exhibiting high operation characteristics. 

In order to obtain low-temperature catalysts for methane deep oxidation, a series of different 

type Mn-, Co- and Cr-containing catalysts has been synthesized, i.e. aluminoxide catalysts 

modified by rare-earth and alkaline-earth elements, including Pd-promoted samples; 

zirconium-containing oxides and binary systems of MexOy/Zr02, MexO/(ZrO2 - zeolite), 

MexO/(ZrO2 + A}iO3), including those promoted by Rh and Pd; nano-sized ferrites with 

MenFem2O4(M~~Mn, Co, Ni) spinel structure. 

Applying the up-to-date techniques such as a method of support impregnation under non-equilibrium 

conditions, sol-gel method, a thermal decomposition method of hetero-metal organic 

complexes <>f transition metals allowed to get the best out of these catalytic systems potential. 

Testing the prepared catalysts in the reaction of 1 % methane-in-air deep oxidation with 0,6 sec. 

contacting time shows that the synthesized samples provide 80-100% conversion of methane 

at temperatures of 400-450°C. That is by 50-100°C lower compared to catalysts prepared by using 

conventional techniques of support impregnation and oxides stoichiometric mixture sintering . 

The physico-chemical properties of the prepared catalysts were studied using by X-ray 

diffraction analysis and X-ray photo electron spectroscopy. 
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DIRECT METHANE OXIDATIVE CARBONYLATION INTO ACETIC ACID ON 

SUPPORTED RHODIUM CATALYSTS IN GAS PHASE 

G.R. Kosma~betova1, M.V. Pavlenko1, V.I. Grytsenko1, 

I.N. Stepanenko2, L.B. Kharkova2, V.I. Pekhnio2 

1L. V.Pisarzhevsky Institute of Physical Chemistry of the NAS of Ukraine 

31, Pr.Nauki, Kyiv, 03039, Ukraine, e-mail: kosmambetova@yahoo.co.uk 

2V.l. Vemadsky Institute of (Jeneml and Inorganic Chemistry of the NAS of Ukraine 

32/34, Pr. Palladina, Kyiv, 03680, Ukraine 

Natural gas-based direct one-step processes are the most attractive methods for preparing 

products and semiproducts of organic synthesis, e.g. obtaining of acetic acid and its 

derivatives via oxidative carbonylation of methane. This reaction was first carried out in 1993 

in liquid phase at 80 atm pressure in the presence of RhCh-HCI-HJ [l] and in gas phase in 

1997 using nitrogen monoxide as oxidant on Rh/FePO4 catalyst [2]. 

For preparing acetic acid through methane oxidative carbonylation by molecular oxygen in 

gas phase, a number of rhodium-containing (0.5-2.0% Rh) catalysts (oxides, chlorides, 

chalcogen chlorides) on carriers of different types (SiO2, A}iO3, activated carbon) have been 

tested. These experiments were conducted at atmospheric pressure by widely varying 

CH4:CO:O2 gas mixture (from stoichiometric to reducing one, containing 7% oxidant) and 

space velocity 50000-180000 h-1• It was found that in the case of the catalysts prepared 

through impregnation by rhodium chloride, irrespective of the reaction conditions and support 

type, the main reactions products were carbon oxides (CO and CO2) formed both directly 

from CO and C~ and as a result of further oxidation of partial oxidation products, formed on 

polynuclear particles of rhodium oxide. The catalysts containing rhodium chalcogen chlorides 

on support have been prepared by mixing mechanically activated mixtures of thermally stable 

compounds (Rh4Cl3Se5, Rh4CbSeS3, Rh4ChS), synthesized for the first time, an~ silica gel 

followed by treatment in air at 500°C. It have been shown that it is possi~le in principle to 
--.. . 

synthesize acetic acid directly from methane on ~pplied rhodium chalcogenchlorides. 

l. M.Lin, A.Sen, Nature, 1994, v.368, 613 

2. Y.Wang, M.Katagari, K.Otsuka. Chemical Communications, 1997, 1187 
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KINETIC OSCILLATIONS IN CO OXIDATION OVER PLATINUM CATALYSTS: 

MONTE CARLO SIMULATIONS 

E. S. Kurkina, N. L. Semendyaeva 

Faculty of Computational Mathematics and Cybernetics, Moscow State 
University, Moscow, 19899, Russia; E-mail: NatalyS@cs.msu.su 

Investigations of the origin and the detailed driving mechanism for oscillations of the rate 

of CO+O2 reaction over platinum catalysts have bee~· canied out. A well-known model using 
·'- ' 

an alternate slow oxidation and CO reduction of the metal surface (TSM mechanism) has 
.· . '• . ' 

been used. Two mathematical models of different spatial scales have been developed: the 

imitation model using dynamic Monte Carlo type algorithms with correct time dependence 

and the deterministic model using the ideal adsorbed layer approximation. 
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Fig. 1. The coverages of CO, 0 and Osub as functions of time; MC data. The deterministic model under the 
same conditions has one stable stationary ·state in the case (a) or two stable stationary states (b) 

Both models are based on the same kinetic scheme. Nevertheless they describe the 

qualitatively different behavior of the CO+O2 reaction. While the deterministic model has one 

steady state or multiple steady states and displays hysteresis, the imitation model 

demonstrates oscillations in the rate of the CO+O2 reaction an~ concentrations of adsorbed 

particles in the wide range of CO pressure under the same conditions (the realistic values for 

the kinetic rate constants, temperatures and partial pressures in the gas phase). 

The detailed qualitative analysis of the resul\s of simulations removes all contradictions 

and shows that the kinetic oscillations predicted by MC technique depend on spatial 

fluctuations in adsorbate concentrations and the excitable dynamics of the models. 

This research was supported by the Russian Fundation of for Basic Research 

(Grant N!! 00-01-000587). 
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TUNING OF THE ELECTRONIC STATE OF THE SUPPORTED METAL BY 

VARYING ACID-BASE PROPERTIES OF A)zO3 

A.Yu. Stakheev, G.N. Baeva, A.V. Ivanov, N.S. Telegina, D.C. Koningsberger*, 
B.L. Mo jet *, L.M. Kustov 

119991, Zelinsky Inststiute of Organic Chemistry, Leninsky Pr., 47, Moscow, Russia 
*3584 CA, Department of Inorganic Chemistry and Catalysis, Utrecht University, 

Sorbonnelaan 16, Utrecht, Netherlands 

It is well known that the catalytic properties of supported metal clusters are dramatically 

affected by their electronic state (electron-deficient vs electron-rich), which, in turn, is a 

function of the support acid-base properties. The main focuses of this study were: I) the 

development of a flexible method for variation of acid-base properties of alumina; 2) a 

systematic study of the effect of AlzO3 acid-base properties on the electronic state of 

supported Pt and Pd clusters. 

Acid-base properties of the support were tuned using the sol-gel method for AlzO3 

preparation. Different basic (K, Rb, Cs) and acidic (F, W, Si) additives were introduced in the 

alumina sol followed by alumina gel formation, drying, and calcination. XPS data indicate 

that additives are uniformly distributed, without pronounced enrichment/depletion of the 

surface layer. The specific surface area of the resulted materials was measured by low­

temperature N2 adsorption. Acidic properties were evaluated by FTIR spectroscopy of 

adsorbed CO and from the spectra in the OH-group region. Basic properties were evaluated 

by FTIR spectroscopy of adsorbed C2H2 and CH3CN. It was found that the use of sol-gel 

method allows systematic variation of AlzO3 acid-base properties. The resulted samples can 

be ranked according to their acidity: 

Si-AlzO3 > W-AlzO3 > F-AlzO3 > Cl-AlzO3 ""Alz03 >> K-A}iO3 > Rb-Al2O3 > Cs-A}iO3 

The series of aluminas thus prepared was used as supports for preparation of Pt/ A}iO3 

and Pd/ A}iO3 catalysts. The Pt particle size in selected samples was calculated on the basis of 

EXAFS data. It was found that the Pt cluster size is within the range of 15-20 atoms. 

The electronic state of Pt and Pd clusters was evaluated by FTIR spectroscopy of 

adsorbed CO and XPS, respectively. The electronic state was determined from the position of 

the XPS line, the shift of the stretching vibration frequency of adsorbed CO, and variation of 

the linealy/bridged adsorbed CO ratio. 

It was found that the electronic state of both metals is a function of the support acidity­

. basicity. An increase in the support acidity results in the corresponding increase in the metal 

clusters electron deficiency. On the contrary, a systematic increase in the support basicity 

leads to·a gradual increase of the negative charge on the metal particles. 
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